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THE RECOVERY PROCESS OF EXCITABLE TISSUES. 
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In 1912 Keith Lucas and 1(1) investigated the course of recovery j n 0 
nerve fibre after the passage of an impulse and we were able to map 0 ut 
the return of the two main functions of conductivity and excitability. 
We found that the nerve returned gradually to normal during the relative 
refractory period and then passed through a stage in which its excitability 
and its power of conduction were increased above their normal v a lue. 
We called this stage of recovery the “supernormal period,” and weshowed 
that its existence might be, ol great importance in the mechanism Qf the 
central nervous system, since' it might account for the type of nervous , 
summation in which a sories of impulses succeed in passing a region of 
imperfect conduction whereas a single impulse fails to do so. The super- 
normal rise of excitability was present In all our experiments, but it 
was never very great and it showed considerable variation front 0 nc 
preparation to another. We did not seek the cause of these . ' ' 

since we were concerned with the mechanism of 
with the nature of the recovery process. 


Pit. LtV. 
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The present investigation is an attempt to carry the analysis a stage 
further, to discover what factors account for the observed variations 
in the supernormal phase and if possible to suggest some explanation 
of its existence. I was all the more anxious to undertake it because in 
the course of some later work I had observed much greater variations 
in the supernormal excitability than those mentioned in our paper. In 
fresh preparations the rise of excitability was often absent, or at any rate 
too small to detect, whilst in preparations which had been kept in 
Ringer’s fluid for twelve hours or more the supernormal excitability was 
sometimes as great as 115 p.c. of the resting value. 

Moreover the existence of the supernormal phase of recovery was 
itself a puzzle. It seemed that the recovery process overshot the mark 
before the tissue settled down to its resting condition and such a pro- 
ceeding did not suggest any simple process such as the diffusion away 
of the products of activity or the re-establishment of equilibrium by a 
chemical reaction. It seemed possible that a knowledge of the factors 
which determined this apparent overthrow would go some way towards 
elucidating the whole mechanism of recovery. 

At the beginning of the investigation it was thought that the varia- 
tions in the form of the recovery curve might be due to variations in 
the concentration of calcium ions with which the tissue was in equi- 
librium. Lucas had found .a progressive change in the excitability 
constants of certain tissues and he had shown that this was due to a lack 
of equilibrium between the concentration of calcium in the tissues and 
that in the surrounding fluid. The progressive change in the recovery 
curve in some preparations suggested the same cause. It was however 
very soon clear that the concentration of calcium ions had little or nothing 
to do with the supernormal phase and that the only important factor 
■was the concentration of that ion which has already shown itself to be 
of paramount importance in so many biological processes, namely the 
hydrogen ion. How much the form of. the recovery curve depends on 
the H‘ ion concentration will appear in the following sections. 

I. The influence of H‘ ion concentration on the 

RECOVERY PROCESS. 

(a) The recovery of excitability in nerve. 

Method. In the following experiments the nerve of a sciatic gastro- 
cnemius preparation of the frog was perfused 1 with a buffered Ringer s 

1 It is perhaps incorrect- to talk of perfusing a nerve when the fluid surrounds it, h u( 
no other word will make it clear that the fluid is continually renewed. 
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fluid of known H‘ ion concentration and the course of recovery was 
mapped out by the method already described by Lucas and 
Adrian (l). The muscle nerve preparation was set up in the vulcanite 
chamber shown in Fig. 1. The muscle and the distal part of the nerve lie 
in a bath of neutral Ringer’s fluid and the proximal part of the nerve is 
bathed by a slow stream of Ringer’s fluid of required P It from one of 
three Mariotte bottles connected to the inflow tube. The nerve lies in 
a series of chambers which are completely filled with the perfusing fluid. 
The chambers are closed above by a glass plate and the point of exit 



Tig. 1. Chamber with non-polarisable electrodes for perfusing nerve 
with fluids of different H* ion concentration. 


i of the nerve is sealed with a plug of vaseline so that the perfusing fluid 
shall not come into contact with the nerve ending or the muscle. 

The stimulating current is led into the chamber by a series of non- 
polarisable electrodes of the type devised by LapicqueP). Each elec- 
. trode consists of a small glass tube filled with Ringer’s fluid and containing 
a spiral of fine silver wire sealed in with wax. Before the electrode is 
used, a thin coating of silver chloride is deposited electronically on 
/ the wire by connecting it to the positive pole of a two volt accumulator. 

The negative pole is connected to a platinum cathode dipping into the 
1 fluid in the chamber. The current is passed for two minutes and the fluid 

1—2 


4 


E.D. ADRIAN. 


is changed before the preparation is set up. These electrodes show no 
polarisation after several days’ work and it is a simple matter to renew 
the coating of silver chloride from time to time. They have the advantage 
of a low resistance and it is never necessary to dismantle them for cleaning 
or recharging. The current is led through the fluid from these electrodes 
and takes effect on the, nerve at one of the slots where the density of 
current flow is suddenly increased. 

The fluid used was that employed by Mines for work on the heart (3). 
Besides the ordinary ingredients of Ringer’s fluid it contains small 
quantities of boric acid and sodium acetate to act as buffers. Two stock 
solutions are made up, one strongly acid and the other strongly alkaline, 
and these are mixed in different proportions to give a fluid of the re- 
quired P H . The fluid is easily made up and its only drawback is that it 
is most sensitive to additions of acid or alkali about the region of 
neutrality. The P H of the fluid was determined by the colorimetric 
method using the standard solutions of Clark and Lubs(4). During 
the course of an experiment samples of the fluid were taken from the 
Mariotte bottle and from the outflow tube of the chamber. The P n of 
the two samples showed no difference unless the rate of perfusion was 
extremely slow. 

The recovery of excitability is mapped out by stimulating the nerve 
with the break shocks of two induction coils which have their primary 
circuits connected to the keys of a Lucas pendulum. By altering the 
distance between the two keys the time interval between the stimuli 
can be accurately adjusted over a wide range (from about *0001 sec. to 
*1 sec.). The second stimulus is sent in at different intervals after the 
first and for each interval its strength is so adjusted that it is just able 
to set up a second impulse in the nerve and cause a summated contraction 
in the muscle instead of a single twitch. The strength of stimulus needed 
to set up an impulse at any stage of recovery varies inversely as the 
excitability of the nerve at that time. Thus the return of excitability 
can be mapped out by determining the strength and time of occurrence 
of the second stimulus which will just suffice to give a summated con- 
traction. 

In these experiments the strength of the stimulus was adjusted by- 
varying the resistance in the primary circuit of the coil. As the coils had 
no iron core the current induced in the secondary would be directly 
proportional to that in the primary and therefore inversely proportional 
to the total resistance in the primary circuit. This was controlled by 
inserting a dial resistance box reading from one to- one thousand ohms 
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in series with the primary of the coil and a two volt accumulator. The 
secondary coil was shifted until the break shock would just excite when 
the resistance in the primary was about 100 ohms; the secondaiy was 
not moved after the preliminary setting and the strength of the shock 
was altered by adding or subtracting resistances. This method of 
determining the strength of the stimulus has proved far more rapid and 



FIG. 2 01 02 03 04 05 

In ter rat between tit end 2nd Stimuli {Sect ) 



' FIG. 3 * 01 * 02 03 04 ’° 5 * 

" tnterrat after 1st Stimulus (S«J.) 

Figs. 2 and 3. Recovery of excitability in nerve perfuBcd with 
fluids of different P n , 

more accurate than the usual method of shifting the secondary coil and 
Working out the strength from a calibration curve. As a rule the secondary 
circuits wero connected so that the two stimuli fell at different points on 
the nerve, but the exact arrangement made no diSercnco to the result. 

The most important outcome of these experiments can be seen at once 
from Figs. 2 and 3. These show the return of excitability in two prepare- 
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tions perfused with solutions of different H* ion concentration. The nerve 
was perfused for half an hour with each solution before the recovery 
curve was determined and the normal or resting excitability was measured 
afresh for each solution. The normal excitability has a different value 
for fluids of different P n (the exact. significance of these differences will 
be dealt with later), but in the figures the curves have been drawn so 
that the normal excitability in each case is given the value 100.' The mean 
error in each determination is about ± 1 p.c. 

In Fig. 2 it will be seen that as long as the perfusing fluid is on the 
alkaline side of neutrality (i.e. with a P H greater than 7) the recovery 
curve shows no supernormal phase. The excitability returns to its 
resting value and stays there. The return to normal takes place more 
slowly in the more alkaline fluid (P H 9-3) and recovery is not complete 
until -06 sec. has elapsed after the first stimulus. In the solution which 
is nearly neutral (P n 7-2) the recovery is complete in -03 sec. but there 
is no sign of a supernormal rise. 

When the perfusing fluid is on the acid side of neutrality the recovery 
curve shows an obvious supernormal phase. In the fluid of P ir 64 the 
maximum excitability is 109 p.c. of the resting value, in the more acid 
fluid (P H 5-5) it rises to 117 p.c. The initial return to normal is much 
more rapid than it is in the fluid of P IX 7-2, but the whole recovery 
process is not complete in -06 sec. 

Fig. 3 shows the same effect with fluids of P JX 9, 74 and 5-5, and an 
identical result has been obtained in all the other preparations which 
have been tested. Altogether the experiment has been repeated on 
23 different nerves and from these 56 complete curves have been deter- 
mined in fluids ranging from P H 3-8 to P H 10-7. 

Certain minor points deserve mention. In the first place it is difficult 
to estimate the exact IF ion concentration at which the supernormal 
phase begins to appear. It is invariably present after perfusion for half 
an hour with a fluid of P H less than 7 and invariably absent with a 
fluid of greater than 74, but in between these limits the type of curve 
for a given P u depends to a considers ble extent on the past history of 
the preparation. If it has been recently perfused with an acid fluid it 
usually retains the acid type of recovery curve (i.e. the curve with a 
supernormal phase) even after perfusion for half an hour or more with 
a fluid of P n 74. If it has been in alkali it may retain the alkaline tjp c 
of curve after perfusion with a fluid of P H 7, although the alkaline type 
of curve is changed more easily than the acid. Thus the nerve which J* 
perfused with a fluid near the neutral region tends to retain the form 0 
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recovery cur\e which it had before, and for this reason it is impossible 
to specif} any single II' ion concentration which can be regarded as the 
equilibrium condition for the appearance or non-appearance of the super 
normal phase in the curve The existence of this neutral zone within 
which either type of curve limy persist for an indefinite time suggests 
that the change m the nerve fibre brought about by an altered H' ion 
concentration exhibits something akin to hysteresis Even with fluids 
which are well outside the neutral zone the nerve does not respond 
immediately to a change in P„ After it has been in a fluid of P„ C it 
may take 10 or l r i minutes perfusion with P H 8 5 before the supernormal 
phase disappears This is not due to any failure to bring about a rapid 
change m the P u of the fluid in the peifusing chambei, for the anal} sis 
of samples of the fluid leaving the chamber shows that the change may 
be complete in less than a minute No doubt the delay is due in part to 
the slow alteration m the fluid which immediately surrounds each nerve 
fibre, but it is evidently related also to the phenomena of hvsteresis 
within the neutral zone 

Another point of some interest is that there is no exidence that the 
supernormal phase of the curve appears only between certain limits of 
II' ion concentration A fluid of P„ 3 usually suspends conduction al- 
together in a n hour or more, but up to this concentration the supernormal 
rise of excitabiht} becomes greater and greater as the acidity increases 
Thus m one experiment the perfusing fluid was changed eight tunes at 
intervals of about three quarters of an hour and nine recovery curves 
were determined The relation of the supernormal rise of excitability 
to the P„ of the perfusing fluid is shown below Evidently the more acid 
the perfusing fluid the greater is the increase of excitability during the 
supernotnial phase 

Sciatic non o of frog Temperature 1 1° C 
Maximum excitability 


Pu of fluid (resting excitability = 100) Time 
(7 1) (100) 1115am 

(S3) (100) 12 noon 

(0 5) (100) 12 30 pm 

(7 0) (100) 1 5 

(> 4 107 2 0 

52 117 245 

(9 5) (100) 3 30 

5 2 112 4 30 

4 0 121 5 15 


Tlic curves winch showed no supernormal rise aro placed in brackets 

fso far then it has been shoxvn that a nerxein equilibrium w ith a fluid 
more alkaline than P„ 7 1 does not pass through nnj supernormal 
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phase in its recovery after the passage of an impulse. A nerve in equi- 
librium with a fluid on the acid side of P H 7 passes through the super- 
normal phase and this becomes more and more pronounced as the acidity 
rises. These facts make it easy to explain the variations which Lucas 
and I observed. In our original investigation we used “neutral Ringer/' 
i.e. Ringer’s fluid without buffers, and the P H of this is usually in the 
neighbourhood of 6-5. Consequently we obtained the supernormal rise 
in every case. In some later experiments I used Ringer containing small 
traces of alkali and in these I was unable to detect the supernormal phase. 
It is interesting to note that in the nerves supplying the claw muscles of 
Astacus, Lucas (5) found the supernormal excitability as great as 120 p.c., 
and in these nerves there was a rapid progressive change which led to 
the failure first of single stimuli and then of all kinds of stimulation. 
Such a change might well be due to the development of acid in the tissues 
and this would evidently account for the great supernormal rise.' 

(6) The recovery of conductivity in nerve. 

Keith Lucas and I found that the supernormal phase of recovery 
involved an increase of conductivity above the resting value as well as 
an increase of excitability. An impulse set up during this phase could 
travel further through a region of decrement than an impulse set up in ' 
resting nerve, and for this reason a series of impulses falling at the right 
intervals might succeed in passing a nerve ending or a synapse when a 
single impulse would fail. From the point of view of the theory of nervous 
summation we regarded the increased conductivity during the super- 
normal plume as a great deal more important than the increased excita- 
bility, in- fact we dealt with the latter only because it confirmed our 
view of the existence of a supernormal phase in recovery. Thus it becomes 
a question of some interest to decide whether the H' ion concentration 
has the same influence on the recovery of conductivity as it does on 
that of excitability. 

To test this point a nerve was first of all perfused for half an hour 
with a fluid of known P H , and a length of about 2 cm. between the elec- 
trodes and the muscle was then bathed in a fluid of the same P H containing 
in addition 6 p.c. of alcohol. This concentration was great enough to 
suspend conduction in about half an hour and towards the end of this 
period the proximal part of the nerve was stimulated alternately with 
single maximal break shocks and with groups of two shocks separated 
by an interval of *024 sec. (this interval corresponds with the maximum 
rise of excitability in a nerve perfused -with an acid fluid at 11° C.). 
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It was found that if the narcotising fluid was on the alkaline side of 
neutrality, conduction failed at the same moment for the single and the 
double stimuli alike. If the fluid was acid there was, as a rule, a period 
of about 20 seconds within which 'the two stimuli produced a contraction 
in the muscle whereas the single stimulus had no effect. It is by no means 
easy to catch the nerve at the exact moment when conduction fails for 
a single impulse and therefore in two out of six “acid” experiments the 
difference between single and double stimuli was not observed. However 
in four of them the double stimuli continued to affect the muBcle after 
the single stimulus had failed; on the other hand in all the “alkaline” 
experiments the double and single stimuli failed at the same moment. 

In a second series of experiments the use of alcohol as a narcotic 
was dispensed with and the unpaired conduction was brought about by 
treating a length of nerve with strongly acid or strongly alkaline fluids. 
A fluid of P lt 2-8 caused failure of conduction for a single stimulus in 
83 minutes but the double stimuli still produced a contraction in the 
muscle for two minutes longer. In another experiment with a Ringer of 
P n 2-1 the single stimulus failed after 39 minutes and the double stimuli 
succeeded for another 50 seconds. On the other hand a fluid of P u 11-8 
caused failure in 23 minutes for single and double stimuli alike and one 
of P„ 11-4 had the same effect after 63 minutes. In the two “alkaline” 
experiments the interval between the two stimuli was varied from -024 
to -08 see. but none of these intervals led to summation. 

These experiments show that in a nerve which has been perfused with 
an acid fluid it is possible to impair the conduction in such a way that 
a Bingle impulse fails to reach the muscle, although two impulses may 
succeed if the second travels in tissue which is in the supernormal phase 
of recovery. When the nerve is in an alkaline fluid no such effect is 
observed. Thus the “acid ” nerve shows a phase of increased conductivity 
as well as a phase of increased excitability, whereas both phenomena ore 
absent in the alkaline nerve. 

(c) The recovery process in cardiac muscle. 

At an early stage in the investigation it was thought desirable to 
extend these results to other excitable tissues besides the sciatic nerve 
of the frog. Skeletal muscle has the disadvantage that the contractile 
change outlasts the whole of the recovery process and therefore a stimulus 
falling during the recovery from a previous disturbance will find the 
muscle still contracted. The change in shape may cause apparent changes 
in excitability which will mask the true recovery phenomena. Cardiac 
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muscle is more easily dealt with., because in it the contraction is usually 
over before recovery is complete and therefore it is possible to measure 
the excitability in the later stages of recovery without the same liability 
to error. 

The only published determinations of the recovery of excitability in 
the heart are those of Trendelenburg(6). In his experiments the cir- 
culation was intact and the heart was beating spontaneously; the curves 
show a gradual return to normal excitability without a supernormal 
phase. 

I have repeated these measurements in hearts exposed to fluids of 
different P n , paying special attention to the later stages of recovery. 
For the accurate measurement of this part of the curve it is essential 
that the heart should not beat spontaneously, as a fresh beat may arrive 
from the sinus before recovery is complete. It should be possible to 
overcome this by using a preparation of the isolated ventricle, but in 
practice it was found difficult to keep such a preparation from beating 
by itself, or to perfuse it adequately if it did not beat. In the method 
finally adopted the frog's heart was perfused for half an hour with a 
fluid of known P H through the inferior vena cava and at the end of this 
period a Stannius ligature was applied. This put an end to the perfusion, 
and the determinations on the quiescent ventricle were carried out as 
rapidly as possible to minimise the effect of any slight alteration which 
might take place in the reaction of the fluid remaining in the ventricle. 
As a matter of fact the response to fluids of different P„ was so constant 
that it is very unlikely that the condition of the ventricle can have 
changed rapidly after the ligature was applied. As in the case of nerve 
fibre, the change brought about by an altered H' ion concentration 
proceeds very slowly and may not be complete after perfusion fox' a 
quarter of an hour; thus a slight change in the P„ of the fluid remaining 
in the ventricle would be unlikely to have any effect for several minutes 
at least. 

Thy ventricle was stimulated by break induction shocks from two 
coils \fljfh their primary circuits connected to a rotating contact breaker. 
Xon-palarisable electrodes were used and these were applied on either 
side of the ventricle midway between base and apex. In estimating the 
normal, or resting excitability it is important to allow the heart to 
remain at rest for at least 30 seconds, since the whole recovery process 
may not be complete for 15 seconds or more. The probable error in each 
determination is greater than in the case of nerve as the threshold > s 
more variable. The error in most of the determinations is about — 2 p- c - 
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The effect of fluids of different P„ may be seen from Fig. 4. This 
gives the recovery curves from four different hearts perfused with 
Ringer of P„ 6-2, 6-4, 9 and 9-2. The time scale of Fig. 4 is 200 times as 
long as that in Figs. 2 and 3, but in other respects the curves for cardiac 
muscle and for nerve resemble one another very closely. The two hearts 
which were perfused with fluids of Pj, 6-2 and 6-4 show a well-marked 
supernormal phase and the hearts perfused with P„ 9 and P„ 9-2 show 
none. The neutral region appears to be slightly more on the alkaline 
side than it is in the nerve fibre since in two experiments the supernormal 
phase was just perceptible after perfusion with fluids of P„ 7-6 and 7-8, 
though it was invariably absent when the P„ was greater than 8. It 



Fag. 4. Recovery of excitability in cardiac muscle. 

is impossible to test the effect of fluids more acid than P„ 6 as the 
ventricle becomes completely inexcitahle after half an hour’s-perfusion. 

So far then the results confirm those obtained from the nerve fibre, 
but the most interesting part of these experiments is that which deals 
with the recovery of the contractile power in the heart as distinct from 
its electrical excitability. It has been known since the pioneer work of 
Bowditch(’) that if the quiescent ventricle is excited by two stimuli 
separated by a short interval the second contraction may be greater 
than the first. If the second stimulus falls during the relative refractory 
period the second contraction is smaller, but as soon as this period is 
over the second contraction may rise to a greater height and the effect 
is present with intervals as lone as 13 seconds between the first and 
second contraction. The close agreement between the time relations of 
this effect and the time relations of the supernormal 
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the heart suggests that the two may. have a common origin, and an 
inspection of the graphic records obtained after perfusion with different 
fluids shows that they are certainly very closely related! 

The heights of contraction in response to the two stimuli were 
measured in 18 hearts. Figs. 5 and 6 show the actual tracings obtained 
in two experiments and Fig. 8 gives the results of four others. The effect 
of an alteration in the P n of the perfusing fluid can be seen at once by 
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'Fig. 6. Fig. 7. 

Fig. 5. Recovery of contractile power in heart perfused with fluid of P H 8-8 showing 
absence of supernormal phase. Time marker beats every two seconds. 

Fig. C. Heart perfused with fluid of P H 6'6; supernormal phase present. Time marker 
beats every two seconds. 

Fig. 7. Heart perfused with fluid of P H 6-4. Time marker beating seconds. 

(Read from left to right.) 

comparing Fig. 5 with Fig. 6. In Fig. 5 the heart had been perfused for 
half an hour with a fluid of P n 8-8 before the Stannius ligature was 
applied: the second contraction is never greater than the first except in 
the case of the fifth group of contractions where the height of the firs 
is abnormally small. The interval between the two varies from 2-1 < 
seconds (and intervals up to 20 seconds were tried although these ari 
not recorded in the figure). In Fig. 6 the heart was perfused with £ 
fluid of P u 6*6 and the second contraction is evidently larger than tin 
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first when the interval between them is greater than 2-8 seconds. The 
numbers placed over each group of contractions give the interval in 
seconds between the two stimuli. Fig. 7 (from another heart) shows the 
fotm of the two contractions more clearly as the recording surface is 
moving at a greater rate, Tig. 8 gives a summary of the results in four 
other hearts: the curves are obtained by comparing the heights of the 
first and second contraction and giving the first contraction the value 
100. The abscissae give the intervals between the first and second con- 
traction and not the intervals between the two stimuli. 



Fig. 8. Recovery of contractile power in hearts perfused 
with fluids of different P R . 

In the early stages of recovery tho second contraction begins before the first has sub- 
sided. In this case tho height of the second contraction is measured from the point at 
winch it begins to diverge from the first contraction. Thus in the second group in fig. C 
the height of tho second contraction would bo taken as CO p c. of the first although the 
summits of both contractions are on a level. 
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The four curves are in every way comparable with those expressing 
the return of excitability in the heart or in the sciatic nerve. When the 
heart had been perfused with a fluid of P ir 8*3 or P n 10-2 the recovery 
of contractile power showed no supernormal phase, when the fluid was 
of P n 6-2 or P n 6-4 the supernormal phase was well marked. A similar 
result was found in the remaining eleven experiments. Evidently the 
increased contractile ' power described by Bowditch and others is one 
expression of the supernormal phase of recovery and like the other 
phenomena of the supernormal phase it occurs only when the tissue is 
in equilibrium with an acid solution. 

Owing to the method of experiment it was impossible to determine 
the recovery curves of the same heart in equilibrium with more thr 
one fluid and for this reason it is difficult to say whether the supernorm 
rise increases with the acidity of the perfusing fluid, as it does in tl 
case of a nerve fibre. After perfusion with a fluid of P H 5-8 the contra 
tions become so small and so sluggish that it is difficult to make oi 
whether the supernormal rise exists or not. Certainly it is more easi 
detected when the P H of the fluid is in the neighbourhood of 6-3, but th 
is very nearly the limiting acidity with which the ventricular muse 
can be in equilibrium as a more acid fluid causes a progressive chanj; 
leading ultimately to complete inexcitability. 

Dale and Thacker (8) have shown that the optimal H’ ion cor 
centration varies for the different chambers of the heart and is moi 
acid for the auricle than for the ventricle. I have some rather indirec 
evidence to show 7 that the critical H‘ ion concentration for the appearanc 
of the supernormal phase varies in the same way. In several experiment 
the recovery of excitability and of contractile powder were measured a 
the same time. As a rule they agreed closely, but in one experiment th 
second contraction was greater than the first although the excitability 
did not rise above the resting value. It was found that the stimulating 
electrodes had slipped down to the auriculo-ventricular junction, and 
it was therefore possible that the excitability v r hich was measured was 
that of the auricle and not of the ventricle. When the electrodes were 
replaced on the sides of the ventricle the recovery of excitability g«y e 
the usual supernormal phase. The heart had been perfused with a fluid 
of P n 6-8 and this might well have been on the acid side for the ventricle 
and on the alkaline side for the auricle.' The experiment was not repeated 
and as it stands it can only be regarded as suggesting a possible difference 
in the critical concentrations for ventricle and auricle. 
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(d) The staircase effect in skeletal muscle. 

The staircase effect or “Treppe” in skeletal muscle is. generally 
regarded as having the same mechanism as the Bowditeh effect in the 
heart, although it persists for a very much longer time in skeletal muscle 
in spite of the shorter duration of the refractor)’ period. If the two 
phenomena are related we should expect to find the staircase present 
only when the muscle is perfused with an acid fluid. To test this point 
the frog’s sartorius muscle was set up in a perfusion chamber and 
stimulated by break induction shocks recurring at intervals varying 
from one to three seconds. The rate of stimulation was controlled by a 
rotating contact breaker and the stimuli took effect on the nerve-free 
pelvic end of the muscle. 

In the first series of experiments the contractions were recorded 
by a very light tension lever with a small moment of inertia. Under these 
conditions the staircase effect was never observed at all although the 
muscle had been perfused for four hours with fluids varying from P, r 10 
to P u i. With repeated stimulation the contractions diminished in 
height, but after a rest of from 1-10 minutes renewed stimulation did 
not give rise to the staircase phenomenon and the muscle could be 
fatigued to complete exhaustion without showing any signs of it. 

The staircase however did appear when the tension lever was discarded 
and an isot'onic lever used in its place, and the effect was more easily 
produced when the moment of inertia was increased by moving the 
weight further from the axis of'the lever. The staircase then appeared 
when stimulation was renewed after a short pause. Its appearance bore 
no relation to the P„ of the perfusing fluid between the limits of P n 10 
and P„ 4 and it seemed to depend entirely on the state of fatigue of the 
preparation. 

Thus in its reaction to different concentrations of H' ions the stair- 
case of skeletal muscle behaves quite differently to the .summation 
effect in the heart. This is very easily understood if we take into account 
Frohlich’s work on the cause of the staircase (0). He finds that it depends 
entirely on the slower time relations of the contractile response induced 
by fatigue. The first stimulus after a pause finds the muscle rested, and 
the contraction and relaxation are rapid; after a few stimuli the onset 
of fatigue prolongs the rate of contraction and relaxation without, at 
first, diminishing the force of contraction. With a heavy recording lever 
this prolongation by itself may be enough to cause an apparent increase 
m the height of the contraction, and the experiments recorded above 
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suggest that the whole effect often depends on the inertia of the recording 
apparatus. However Frohlich shows that the increased duration of 
the contraction may lead to an actual increase in the tension exerted hy 
the whole muscle, because the longer the duration the more chance is 
there that all parts of the muscle will be fully contracted at the same 
moment. Frohlich’ s records show clearly that in skeletal muscle the 
increased height of contraction at the end of a “staircase” is associated 
with a slower development and subsidence of the contractile process. 
Thus the whole effect is nothing more than a preliminary stage of fatigue 
and it is not surprising that the H' ion concentration of the p'erfusing 
fluid should make very little difference to its onset except in so far as 
it may hasten or retard fatigue. 

On the other hand in the heart the increased height of a contraction 
occurring in the supernormal phase of recovery is certainly not due to 
fatigue. Fig. 6 shows that there is no appreciable difference in the 
duration of the first and second of a pair of contractions, though the 
height of the second may be very much greater than that of the first. 
This is confirmed by records of the contractions made on a rapidly 
moving drum. Fig. 7 shows such a record from a heart which had been 
perfused for half an hour with a fluid of P n 6-4. The time marker signals 
every second. The second contraction is 130 p.c. as high as the first, but 
the dufation of the two contractions is exactly the same. 

Thus Frohlich’ 8 explanation will not cover the. case o’f the super- 
normal contractions of cardiac muscle, though it is evidently true for the 
“ Treppe” in skeletal muscle. In fact the two effects are essentially 
different,’ as indeed their time relations would lead one to suppose. 

II. The nature of the supernormal phase. 

It has been shown that in a tissue which is in equilibrium with an acid 
perfusing fluid the three main functions of excitability, conductivity 
and contraction are all increased above their normal resting value at 
a certain stage in the recovery from a previous disturbance. The discussion 
which follows is concerned mainly with the increased excitability because 
this function is more easily investigated than conduction or contraction. 
Also the experimental results are more easily interpreted because the 
excitation is an immediate consequence of the external stimulus, whereas 
many processes may intervene between the stimulus and the contractile 
response. 
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(a) Factors accounting for the increased excitability. 

Within recent years the mechanism of electrical excitation has been 
worked out by Nernst, Lapicque, Lucas, Hill and others, and it 
is generally agreed that the necessary condition for excitation is that the 
current should produce a certain heaping up of ions at some membrane 
in the tissue within a certain time. With brief currents such as the 
break shocks of a coreless induction coil the time limit need not be 
considered, since it will always outlast the stimulating current. Thus 
the success or failure of such a current will depend on two factors (a) the 
ease with which the ions can be moved up to the membrane, and ( b ) the 
concentration which must be produced at' the membrane. The factor 
(a) will depend on the mobility of the ions concerned; the concentration 
brought about by the current will tend to dissipate itself by backward 
diffusion, and if the mobility of the ions is increased this escape by 
backward diffusion will outweigh the greater rapidity with which the 
ions will move up to the membrane under the influence of the electric 
field. 

Keith Lucas ( 10 ) showed that it is possible to estimate the share of 
either of these factors in causing a given alteration of excitability by 
mapping out the curve relating current duration to current strength 
requited to excite. If the shape of 'the curve is not altered and the only 
effect of the change has been to increase by a constant percentage the 
current strength corresponding to each duration, then the change must 
be due entirely to an increase in the concentration of ions required at the 
membrane and the mobility of the ions has not been affected. If the 
shape of the curve changes, then the mobility of the ions must have 
altered, and the extent of this alteration may be calculated from the 
constants of the curvo according to Hill’s equation (li). 

Thus at the outset we may enquire whether the increased excitability, 
during the supernormal phase is due to a decrease in the mobility of 
the effective ions or to a decrease in the concentration required at the 
membrane. To do this we must map out the strength-duration curves 
for currents sent into the resting nerve and for currents sent in during 
the supernormal phase of recovery. Fortunately the excitability of the 
nerve remains approximately constant for about -005 sec. during tho 
height of the supernormal phase, and the complete strength-duration 
curve can be mapped out without using durations greater than this. 

‘ Fig. 9 shows the result of an experiment carried out in this way. The 
nerve "was perfused for two hours with a fluid of P„ C, and the recovery 
PH. niv. 2 - - 
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supernormal phase of recovery. Thus at -022 sec. after the first impulse 
the excitability in P H 8*3 is 99-5, that in P u 6-8 is 99 and that in P u 6-5 
is 97. At longer intervals the excitability in the acid fluids falls off and 
eventually reaches the resting values of 91*5 for P H 6-8 and 87 for P H 6*5. 
Evidently in fluids of different P H the maximum excitability at the 
height of the supernormal phase is much more nearly constant than the 
normal excitability after recovery is complete. 

The same result was found in all the nerves examined. The maximum 
excitability in a fluid on the acid side of neutrality was always slightly 
less than the excitability in an alkaline fluid, but the difference was 
usually not greater than 5-6 p.c. whereas the difference between the 
resting excitabilities was often as great as 20 p.c. the result was quite 
independent of the order in which the different fluids were perfused, 
though three experiments had to be discarded because the nerve was 

80 



60 

Pu of fluid 

Pig. 11. Resistance of fluids of different H' ion concentration. 

obviously undergoing a progressive change and the thresholds were not 
constant. 

This result made it necessary to examine more closely the changes in 
excitability due to the different fluids. In the first place the arrangement 
of the electrodes used in the chamber (Fig. I) makes it difficult to allow 
for changes in resistance in the nerve or in the perfusing Quid. The 
current is carried partly by the nerve and partly by the fluid surrounding 
it, and therefore an increase in the resistance of the fluid will cause a 
larger proportion of the current to pass through the nerve, and vice 
versa. To gain some idea of the magnitude of this effect the resistance of 
the different fluids was measured: it was found that the resistance was 
greatest at the neutral point (P H 7), that it decreased when the fluid was 
made more acid or more alkaline and that the decrease was more rapid 
for increasing acidity than for increasing alkalinity. The values of the 
resistance in arbitrary units are shown in Fig. II, and it will beseen that 
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a fluid of P H G has a resistance of 70-25 and one of P n 5 a resistance of 
67-5 as against the values of 71-5 for P n 8 and 69-5 for P H 9. This result 
is only to he expected in view of the fact that the H' and OH' ions are 
more mobile than the other ions present in the fluid and that the H’ ion 
is more mobile than the OH'. The differences are email, but they are of 
such a nature that a nerve in an acid fluid will appear to have a slightly 
lower excitability than one in an alkaline. The resistance of the nerve 
shows no appreciable change after perfusion with the different fluids; 
it was measured with a weak alternating current led in by non-polarisable 
electrodes. 

To overcome the effect of these small changes in resistance the experi- 
ment was conducted in a slightly different way. The nerve was placed on 
platinum electrodes immersed in the perfusing fluid and the second stimu- 
lus was a brief constant current of -0008 second duration derived from 
a low resistance potentiometer wire in circuit with a four volt accumu- 
lator. With this arrangement the potential difference between the two 
electrodes must remain very nearly constant in spite of large changes 
in the resistance of the perfusing fluid, since these changes will have 
practically no effect on the fall of potential in the potentiometer. 

Figs. 12 and 13 show two sets of curves obtained by this method. 
In Fig. 12 the maximum excitability in an acid fluid is 99 p.c. of the 
resting value in a neutral fluid. In Fig. 13 the agreement is not so close 
and the supernormal excitability in P n 5-5 is only 95 p.c. Both figures 
show that the resting excitability in an alkaline fluid is less than it is 
in a fluid nearer the neutral point. This is only true within certain limits, 
for a strongly alkaline fluid (P n 11) usually causes a great initial rise of 
excitability followed by a sudden fall which heralds the complete failure 
of all stimuli. This rise is probably due to some secondary effect on the 
fibre, for as long as the P„ does not exceed 9-5 the excitability is generally 
less than it is at neutrality. 

Thus there is still a slight discrepancy between the supernormal 
excitability in an acid fluid and the normal in a neutral fluid even when 
changes in resistance are taken into account. However there is another 
factor which has not yet been considered and this is the decrease in the 
mobility of the kations when the H' ion concentration of the fluid is 
reduced. As stimulation takes effect, at the kathode, the mobility of 
the kations will be an important factor in deciding whether a given 
current can establish the required concentration at the meriibrane 
against the opposing forces of diffusion. In a fluid on the acid side of 
neutrality there will be large numbers of the very mobile H' ion, whereas 
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It has been shown that the rate of diffusion of the ions is the same in 
the supernormal phase of recovery as in the resting state (Fig. 9) and 
therefore if we consider only the concentration of ions necessary to 
excite it is clear that, in the supernormal phase, this may be equal to 
or even less than the concentration required in a neutral fluid. 

In fact if instead of the strengths of current needed to excite, we 
take the concentration of ions whieh must be brought about in the tissue, 
we have the result that for the resting nerve the concentration is least 
when the fluid is neutral and that it becomes greater when the fluid is 
made more acid or more alkaline, but that during the supernormal 
phase of recovery in an acid fluid the necessary concentration is not 
greater than that required at neutrality. 

It "would be idle to pretend that an exact agreement can be proved 
from the experiments submitted, but within the limits of error ‘the 
agreement is certainly close enough to justify some speculation as to 
its cause. 

Suggested explanation. It is well known from the work of Hardy (12) 
that a colloidal particle is most unstable in the neighbourhood of its 
iso-electric point, and that addition of acid or alkali makes it more 
stable by giving it a positive or negative charge. Let us assume that the 
membrane in the nerve fibre at which the concentration of ions takes- 
effect is made up of particles which have their iso-electric point in the 
neighbourhood of neutrality. Let us further assume (and here we are 
on more debatable ground) that the passage of an impulse with its 
corresponding electric variation leaves the membrane with a negative 
charge which becomes smaller and smaller as the tissue recovers. This 
would mean that as recovery advanced the tissue would become more 
and more easy to excite, because the particles forming the membrane 
would become more and more unstable as their negative charge was lost. 
In a neutral fluid the particles would end up with no charge at all and 
in this condition the tissue would be most easily excited; in an alkaline 
fluid the particles would retain a small negative charge and consequently 
the excitability would never rise to the maximum value, on the other 
hand in a fluid on the acid side of the iso-electric point the particles on 
losing their negative charge would pass through a phase in which they 
had no charge at all and they would then take on a small positive charge 
from the H ions in the fluid. Thus the nerve recovering in an acid fluid 
would pass through a phase in which its excitability was equal to the 
maximum and would then become less excitable asrain as the membrane 
became positively charged. 
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An explanation on these lines would account for the appearance of 
the supernormal phase only when the nerve is in equilibrium with an 
acid fluid and for the close agreement between the excitability in the 
supernormal phase and the resting excitability in a neutral fluid, ft 
would also account for the phenomena of hysteresis mentioned on p. 7, 
since Mines has shown that the charge conferred on a membrane by 

ions of different sign behoves in the same way (13). 

Nevertheless it cannot be claimed that the hypothesis os it stands is 
free from objection. It is a far cry from a protein particle to a membrane 
which is probably the seat of an electrical double layer even when it is 
in equilibrium with a neutral fluid; again, the most vital assumption 
of the theory, that the excitable membrane becomes negatively charged 
during the passage of an impulse, is by no means certain. It is true that 
the passage of an impulse involves an electric variation in which the 
active part of the nerve becomes negative to surrounding parts as 
judged by electrodes placed in contact with the nerve trunk, but most 
of the evidence goes to show that this variation is due to the actual 
passage of a current in the surrounding fluid from the resting to the 
active part of the nerve, and it does not follow that such a current would 
produce a negative charge on the protein particles at the point where it 
re-entered the nerve. Another objection is that it is by no means" “,' L - 
how far the recovery of excitability after an impulse runs 
the subsidence of the electric response, and there are some w • 

denying any relation between the two(U). 

It would however be premature to discuss these and other ’1. 
until further evidence" is collected. The hypothesis must be 
nothing more than an indication for further work, and I am at 
engaged on a series of Experiments which may give more definite groum 
for accepting or rejecting it. 

III. Theories of acid production. 

Although the hypothesis put forward cannot be insisted on at present, 

■ the facts on which it is based do enable us to test one particular develop- 
ment of the theory which regards the activity of an excitable tissue as 
clue to the production of acid. That acid is produced is not disputed, but 
he point at issue is whether the production of acid precedes or follows 
n m* 6 c ? se nerve there is little doubt that if acid is produced' 
at all (and Tashiro S( 15 , results make this highly probable), tbe pro- 

change «h,cU ft, l, a, BratotaM, „,J 
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Briinings(i7) have pointed out, the fact that the electric variation in 
nerve is not accompanied by any appreciable change of temperature 
makes it necessary to suppose that the current is caused not by any 
simultaneous chemical change, but by the liberation of free energy due 
to the existence of inequalities in the concentration of different ions in 
different regions in the fibre. In fact the nerve behaves like a concen- 
tration cell, and the production of a current without any appreciable 
change of temperature is comparable to the performance of work by a 
perfect gas expanding isothermally. This conception is greatly strength- 
ened by the discovery by Bernstein and Tschermak(i8) that the 
electric organ of the Torpedo shows a distinct cooling when the current 
it produces is led through an external circuit. The current will develop 
heat in passing through this circuit, but the amount of heat evolved 
must be exactly balanced by the cooling of the organ, since there is no 
change of temperature at all when the current has to travel in the fluid 
immediately surrounding the organ instead of passing through an external 
circuit. T-hus the work done is derived ultimately from the warmth of 
the surroundings, though it involves a decrease in the free energy of 
the concentration cell. 

After the impulse has passed, the differences of concentration which 
existed previously must be restored, and this process will ultimately 
involve a chemical change which may be associated with the production 
of acid. But this change may be spread over a long period, just as the 
recovery heat production of a muscle may continue for two or three 
minutes after the contraction has ceased. 

Thus in nerve it seems highly probable that the passage of an 
impulse involves a change of physical rather than of chemical energy, 
and that it cannot be due to any sudden production of acid in the fibre 1 . 

In the case of muscle the reverse is generally assumed to be true and 
it is supposed that the contractile process is the result of a sudden 
production of acid in contact with the sensitive fibril mechanism. The 
particular form of this theory which concerns us at present is that stated 
by Mines (10). He says “ Our hypothesis emerges in the following terms. 
The propagated disturbance in muscle culminates in the liberation of 
acid in certain localised regions of the muscle fibre. The subsequent 
.shortening is due to the action on some colloidal system of these local 
concentrations of acid: the local relatively high concentrations rapidly 

1 Another argument in favour of this is the difficulty of explaining the electric variation 
as due to the sudden production of acid (see Lillie, Amcr. Jaum. of Physiol., 37. p. 351- 
1015). 
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disappear by diffusion and the general rise in H' ion concentration (a rise 
which is gradually counteracted by the oxidative removal of the acid) 
is responsible for the more lasting effects of .excitation on excitability 
and tone.” On these lines he explains the summation of contractions 
and the “Treppe” of skeletal muscle, and the increased height of the 
second contraction in cardiac muscle. In regard to the heart he shows 
first of all that the force of contraction is greatest when the heart is in 
equilibrium with a fluid of H‘ ion concentration in the neighbourhood 
of neutrality. He considers that the tissue of the resting heart will be 
on the alkaline side of this optimal value, but that the occurrence of a 
contraction will cause a liberation of acid which will temporarily increase 
the general H‘ ion concentration of the tissue. As the increased H" ion 
concentration is subsiding it must pass through its optimal value (near 
neutrality) before it returns to its resting value on the alkaline side of 
neutrality. Consequently a stimulus occurring at the moment when the 
concentration is optimal will produce a larger contraction than that set 
up in the resting muscle. 

It is difficult to reconcile this attractive hypothesis with the behaviour 
of the heart described on pp. 10-13. There can be little doubt that 
the H‘ ion concentration of the perfusing fluid bears some relation 
to that of the tissue when at rest, and little doubt that the force of con- 
traction is greatest when the tissue is at or near neutrality. But on 
Mines’s hypothesis the second contraction should be larger than the 
first only when the tissue passes through the optimal concentration on 
its way back to the resting value; this should occur when the resting 
tissue is alkaline but not when it is acid, for then the optimal concentra- 
tion will never be reached. Thus w'e should expect to find the supernormal 
phase of recovery present when the tissue is in equilibrium with an 
alkaline perfusing fluid and absent when the fluid is acid. Actually wo 
find the exact reverse of this; the supernormal phase is always present 
in an acid fluid and never in an alkaline. Indeed Mines’s hypothesis 
would be in exact agreement with the limited range of facts here pre- 
sented if we read OH' ion for H' ion and suppose that the contraction is 
due to a liberation of alkali instead of acid. 

This proposal would be in conflict with so many well-known pheno- 
mena that it need not be seriously considered. As an alternative to 
Min es’s hypothesis I can only offer the suggestion already put forward to 
account for the supernormal phase of excitability, namely that the force 
of contraction depends, like the excitability, on the initial degree of 
instability of some surface in the muscle, that this instability is greatest 
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at the iso-electric point and that activity causes the surface to take 
on a negative charge whereas an acid ’perfusing fluid gives it a small 
positive charge. Applied to explain the recovery of contractile power 
this hypothesis has all the defects which it has in explaining the recovery 
of excitability, and probably many others as well, but a discussion of 
these points must be left to a future occasion. 

It might appear unnecessary to suppose that the increased contraction 
was due to any direct effect on the contractile mechanism in each element 
of the muscle, since it could be explained by an increase of conductivity 
which would bring into play parts of the muscle which were not accessible 
to a single stimulus. This explanation has been invoked already by 
Lucas and Adrian (20) to account for the increased size of the second 
electric response in a muscle stimulated indirectly. Here there is some 
justification for it because the fibres of a skeletal muscle may not all be 
brought into play by a single stimulus, but it is very doubtful if the same 
explanation could apply in the heart where the whole of the musculature 
responds together if it responds at all. The point need not be considered 
at length as it was fully dealt with by Mines in his paper. 

The foregoing arguments are not intended to dispute the view that 
the contraction of a muscle may be due to the liberation of acid, but they 
do throw considerable doubt on the extension of this view to cover the 
favouring effects of previous activity in cardiac muscle. 

IV. The mechanism of the summation of impulses. 

In the course of this work certain facts have emerged whi6h have an 
important bearing on the theory of nervous summation. 

Lucas and I showed that the conditions necessary for summation 
in the peripheral nerve were as follows: in the first place the nerve or 
some part of it must conduct with a decrement so that a single impulse 
cannot pass through, secondly the nerve must exhibit a supernormal 
phase in recovery 7 , and thirdly it must be stimulated by a series, of im- 
pulses so timed that each falls in the supernormal period following its 
predecessor. Under these conditions a single impulse will have no effect 
on the tissue beyond the region of decrement but a series of impulses 
will succeed in passing through. We supposed that the same mechanism 
would account for the summation of impulses in a reflex arc, the region 
of decrement being the junctional or synaptic region between one neurone 
and another. To account for the great variety of response in the central 
nervous system we must add that the degree of decrement existing at 
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the synapse varies from one moment to another according to the state 
of fatigue 6f the arc, the general condition of the body, etc. 

Now the'facts brought forward in this paper show that no summation 
of this kind will be possible unless that part of the nervous arc which 
conducts with a decrement is in equilibrium with a surrounding fluid 
on the acid side of neutrality. In terms of the hypothesis on p. 24 we 
should say that no summation is possible unless the membranes in this 
part are positively charged. There is no direct proof that this condition 
obtains in the central nervous system, but if we consider how rapidly 
it is fatigued and how much it depends on its oxygen supply, it seems 
highly probable that the imperfect conduction at a synapse will vary 
with the degree of acidity of the tissue and thq existence of the decrement 
may be due to the tissue being in equilibrium with an H' ion concentra- 
tion greater than the iso-electric value. Thus the two conditions of a- 
decrement in conduction and a supernormal phase may be both fulfilled 
by the same factor, and this factor is likely to change from moment to 
moment according to the state of fatigue of the arc. 

Evidently the nervous paths in the grey matter are much more 
sensitive to changes in acidity than are the peripheral nerves. It is as 
important for the organism that the peripheral nerves should never 
vary in conductivity as it is that conduction in the central nervous system 
should change from one minute to the next. Thus the peripheral nerves 
in a frog conduct without a decrement between such wide limits as 
Pj, 10 and P lr 4, whereas the respiratory centre in a mammal responds 
at once to a minute change in the P„ of the fluid surrounding it. 

Conclusions. 

1. A nerve which is recovering from the passage of a previous impulse 
usually shows a supernormal phase of recovery in which its excitability 
and conductivity are greater than in the resting state. The supernormal 
phase is not always present and its extent is variable. 

2. The supernormal phase depends on the H’ ion content of the fluid 
with which the nerve is in equilibrium; if the fluid is on the acid side of 
P H 7 the supernormal phase is well marked and it increases with in- 
creasing acidity; on the alkaline side of P H 7-4 the supernormal phase 
is absent. The above holds good for the recovery of conductivity as w r ell 
as that of excitability. 

3. In resting cardiac muscle the second of two contractions may be 
greater than that of the first. This increase in contractile power above 
its resting value is part of the supernormal phase of recovery. It ia 
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associated with an increased excitability and it is present when the 
heart is perfused with an acid fluid and absent with an alkaline. 

4. The staircase effect in skeletal muscle is an entirely different 
phenomenon. It depends, as Frohlieh has shown, on the increased 
duration of the contractile process in the early stages of fatigue. It is 
not affected by the H' ion content of the perfusing fluid. 

5. An analysis of the recovery of excitability in nerves shows that 
the maximum supernormal excitability in an acid fluid is very slightly 
less than the excitability in a neutral fluid, whereas the resting excita- 
bility is very much less. 

6. If instead of the current required to excite we consider the con- 
centration of ions which must be brought about in the tissue by this 
current, it appears that the minimal concentration required to excite 
during the supernormal period in an acid fluid is equal to the minimal 
concentration required in a neutral fluid, although the resting value in 
an acid fluid is very much greater. 

7. To account for these facts it is suggested that the excitability, 
conductivity and contractile power are greatest when the colloidal 
particles which form the membranes of the tissue are initially uncharged, 
that a fluid on the acid side of the iso-electric point produces a small 
positive charge and that activity produces a negative charge. As this 
negative charge subsides the instability of the tissue increases and 
reaches its highest value when the surface is iso-electric. If the tissue 
is in an acid fluid the surface must pass through the iso-electric state 
and end up with a small positive charge, whereas in an alkaline fluid 
the iso-electric state is never reached and therefore the excitability 
never rises above its resting value. The complete discussion of this 
hypothesis is postponed until more data are available. 

8. It is difficult to accept Mines’s theory that the increased second 
contraction in heart muscle is due to the production of acid by the first 
contraction and the consequent increase in the H' ion concentration 
of the tissue to its optimal value. If this were so the supernormal phase 
should be present in an alkaline fluid and absent in an acid, whereas 
the reverse is the case. 
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EXPERIMENTS ON THE REGULATION OF THE 
BLOOD’S ALKALINITY. I. By H. W. DAVIES, 
M.B., B.S., J. B. S. HALDANE; M.A., Fellow of New 
College, Oxford and E, L. KENNAW-A Y, D.M., D.Sc. 

The following experiments were carried out in Dr J. S. Haldane’s 
laboratory, Cberwell, Oxford, and our thanks are due to him for sug- 
gesting many of the experiments, and for constant advice and criticism. 
The majority of the urine analyses were carried out by E. L. K. at the 
Bland Sutton Institute of Pathology, Middlesex Hospital. We are 
indebted to Mr Ralph Segnit for the drawings of Figures 1, 2 and 3. 

Methods. All gas mixtures were analysed with the small type of 
Haldane’s apparatus. Alveolar C0 2 was estimated by Haldane and 
Priestley’s method, each determination being the mean of an inspiratory 
and expiratory sample. The volumes of C0 2 taken up by 1 c.c. of de- 
fibrinated blood were estimated with Brodie’s modification of the 
Barcroft-Haldane apparatus by the method described by Christiansen, 
Douglas and Haldane (l). This apparatus was also used for estimating 
the bicarbonates of the urine by the volume of C0 2 given- off on adding 
acid. The excretion of acid and alkali was also arrived at by titrating 
the urine to P H 7*4 as follows: a box, with the back replaced by white 
paper, is prepared to hold three test tubes of equal calibre. Two of these 
placed at the sides contain 10 c.c. of a phosphate mixture of P H 7*4 
(19 vols. M/15 KH 2 P0 4 and 81 vols. M/15 Na 2 HP0 4 2H 2 0) to which is 
added 12 drops of neutral red solution (0*05 p.c. in alcohol). The acid 
urines were titrated with 0-1 N NaOH. If the alkaline urines were titrated 
directly the results were enormously too low (sometimes 1 /15th of the 
true value) owing to retention of C0 2 , which comes off very slowly. The, 
were therefore titrated as follows: in a wide test tube is placed — 

{a) 5 c.c. of urine. 

(b) 0-1 N H 2 S0 4 in amount sufficient to produce a strongly acii 
reaction to neutral red, and water if necessary to make up to 15 c.c. I 
the urine so diluted shows any appreciable colour in a test tube wflte 
is added and the amount of indicator increased proportionally. 

(c) 24 drops of the neutral red solution. 
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A strong current of air is then drawn through for 1 Oniinutes (5 minutes 
were actually sufficient), more a'cid being added if the reaction does not 
remain distinctly acid. Liquid paraffin is used to prevent frothing, as 
caprylic alcohol extracts neutral red near the neutral point. The excess 
of acid is then titrated with 0-1 N NaOH; the more alkaline urines 
neutralised 12 or 13 c.c. of the 15 c.c. acid added. Towards the close of 
the titration 10 c.c. of the fluid is poured from the titration flask into 
the middle test tube in the box between each addition of alkali, and 
is returned to the flask after comparison with the phosphate solution, 
and so on until the reaction required is reached. The end-point is 
extremely sharp. 

The weakly alkaline urines were titrated as above except that 
•02 N solutions were used. The gas method and the titration method 
agreed within 5 p.c. or less for high concentrations, but somewhat less 
accurately for low concentrations, probably owing to the presence of 
Na,HP0 4 . Hence in the more alkaline urines nearly all the alkali was 
excreted as bicarbonate. 

Total nitrogen was estimated by Kjeldahl’s method, and the am- 
monia by the air-current method. The presence of aceto-acetic acid was 
determined by Rothera’s test, but was never estimated quantitatively. 
The concentration probably never reached •! p.c. 

C0 2 -carrying capacity of the blood. As a preliminary the C0 2 dissocia- 
tion curve of the normal blood of H. W. I). was determined. The results 
are given in Fig. 1. In this figure the combined C0 2 only is given; the 
dissolved C0 2 is calculated, using Bohr’s (2) value of -51] for the solu- 
bility of C0 2 in blood, and the value thus obtained is deducted from the 
total volume given off. The exact figures obtained are given in Table I. 

To obtain the points for high pressures of C0 2 w*e used mixtures of 
C0 2 and 0 2 , as owing to the tendency of CO» to dissociate oxyhemo- 
globin it appeared desirable to guard against any possibility of incom- 
plete oxidation of the hemoglobin. Some experiments which are not 
yet complete indicate that at 400 mm. pressure of C0 2 reduced blood 
takes up only about two to three volumes p. c. more C0 2 than oxygenated 
blood. It was also considered possible that the high pressures of C0 2 
might causo some irreversible changes in proteins resulting in on in- 
creased C0 2 capacity. To settle this question, a sample of blood was 
saturated at a pressure of 497 mm, of C0 2 . A portion of the sample was 
then placed in the blood gas apparatus and the volume per cent, of C0 2 
absorbed was found to be 121*1. The remainder of the sample was then 
resaturated at 48*2 mm. pressure of C0 2 , when the volume p.c. of C0 2 
PR. liv. 3 
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absorbed (after correction for the additional time spent in the bath, vide 
Christiansen, Douglas, and Haldane’s paper) was found to be 53*6, 
a normal result. Hence any important changes of the proteins must he 
reversible. 

The results obtained agree with those of Christiansen, Douglas, 






■ 


1 


1 









1 


■ 

■ 












■ 


■ 





■ 

■ 

h 


■ 




■ 

a 





i 


1 


1 









1 


1 

1 



















i 

■ 

i 


■ 




■ 






i 













1 






















i 

i 

i 


■ 










i 













1 



1 



















Id 

i 

R 


■ 




■ 






i 













1 



I 



















■ 

pi 

m 


m 




■ 






i 













1 



1 















ma 



i 




a 




■ 






i 













1 



1 





n 














i 




■ 




■ 






i 













1 



s 



















i 








■ 

| 





i 













i 



i 



















i 




■ 




■ 

| 





■ 
















■ 



















■ 




■ 




> 

1 





i 













■ 



5 























■ 




■ 

i 





a 













■ 



■ 



















■ 




■ 




a: 

i 





a 













■ 



■ 



















■ 








■ 

i 





K 













■ 



■ 



















■ 




■ 




a 

i 





fl 













■ 



■ 













■ 






■ 

i 



■ 




a 

ii 


■r 


■ 













■ 



■ 













■ 






■ 




■ 


■ 

i 

a 

ii 


E 

a 


■ 













5 



■ 










• Ac*~oi e -cac* H.K/D 

0 Of'iJ cf Ah'S afftr i+crfaitf Cl J 

0 • • • * fret# brtothnq 

6 » • • • o* 

8 « » +**1 a'‘t* ‘"fC'lr— cf ru*cc t 


H 



■ 













■ 



■ 














1 













■ 



■ 














■ 













■ 



■ 














■ 













■ 



■ 






: 








■ 













■ 



■ 














■ 









E 




■ 



■ 














1 













■ 



■ 











o /* r* a, ioc cj nv its «« tit m +xi *>c *>t & 

Prtxiure cf CC t in 


Fig. 1 


Table I. CO, -carrying capacity of normal blood of H. W. D. 


mm. pressure 

Vols. of CO, 
taken up by 
100 vols. 

Vols. of 
combined 

mm. pressure 

Vols. of COj 
taken up by 
100 vols. 

Vols. of 
combined 

of CO, 

of blood 

CO s 

of CO, 

of blood 

CO. 

S-3 

26-9 

2G-3 

G4-9 

61*8 

57 -4 

9-02 

30-2 

29-G 

08-5 

64-G 

60-0 

11-2 

29-4 

28-7 

76-7 

G7-2 

G2-0 

19-3 

36-S 

35-5 

89-9 

71-7 

65-7 

29-S 

43-4 

41-4 

102-9 

73-4 

GO-5 

38-9 

490 

46-4 

202 

95-4 

81-8 

390 

48-1 

45-5 

215 

97-0 

82-G 

39-1 

45-7 

43-1 

411 

125-0 

97-3 

40-6 

50-4 

47-3 

455 

128-2 

97-G 

51-3 

50-0 

53-2 

497 

129-1 

95-7 


and Haldane(i) and with Parsons’ (3) experimental results, being on 
the whole very slightly lower than the former, but the volume of C0 2 
taken up was invariably a good deal higher than the value found by 
Joffe and Poulton(-i). The high values did not agree with those 
calculated from Parsons’(3j equation. Thus the blood ofJ.S.H. took up 
OS-6 -volumes of combined C0 2 at a pressure of 42.8 mm. According to 
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Parsons’ equation it should only take up 90-5 volumes of C0 2 at this 
pressure, a pressure of 796 mm. being required before 98-6 volume's are 
taken up. This fact shows that the proteins (of which no doubt hemo- 
globin is the most important) cannot quite correctly be taken as equivalent 
to a single weak acid. If we supposed, as is a 'priori probable, that the 
different acid side chains of the hemoglobin molecule have somewhat’ 
different dissociation constants, this would account for the divergence 
of our results from those expected on Parsons’ comparatively simple 
theory. 

Since the C0 2 taken up in combination -by the blood does not vary 
appreciably (only between 95-1 and 97-5 vols. p.c.) between C0 2 pressures 
of 411 and 496 mm. it is clear that at these pressures almost all the 
available base is combined with C0 2 . If then we saturate blood with 
C0 2 at a high pressure we shall obtain a true measure of the available 
base or “alkaline reserve.” At lower pressures a certain amount of this 
base is combined with protein, and as Parsons’ equation is not quite 
exact, it is impossible to determine exactly how much. If on the other 
hand we find that 100 c.c. of abnormal blood take up 16 vols. more of 
C0 2 than 100 c.c. of normal blood we know that they contain 16N/2240 
or N/140 base above the normal content. In the living subject some of 
this would bo combined with protein. 

Effects of breathing increased percentages of CO z . These experiments 
were carried out in a large air-tight respiration chamber of about 
2G0 cubic feet capacity. C0 2 was passed in through a meter in amounts 
sufficient to give approximately the required percentage (6 p.c.). The 
subject then entered the chamber having previously passed urine. 
Samples of air were taken for analysis immediately after entering, and 
just before leaving, the chamber. Three separate experiments were 
performed on H.IV.D. the duration of each being about 2 hours. After 
entering the chamber the respirations gradually increased, in a fe wseconds 
reaching a maximum depth, with frequency varying between 22'and 30, 
and continued so throughout. No marked rise of pulse rate was observed. 
A second sample of urine was collected about half an hour after entering 
the chamber, and a third just before the conclusion of the experiment. 
The blood sample was also taken just prior to leaving the chamber. In 
the first experiment the percentage of C0 2 breathed at the commence- 
ment was 5-22, rising to 5-59 just before leaving the chamber. In this 
experiment no samples of urine were taken. About eight minutes after 
entering thechamber a slight headache came on which lasted c — ' ■ 
the experiment. In the two subsequent experiments the CO» ^ 
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varied between 6-01 and 6-45. No headache occurred in the chamber, 
but headache of moderate severity, with sudden onset and lasting several 
hours, was observed immediately after emerging. In none of these 
three experiments was there any appreciable alteration of the C0 2 
dissociation curve of the blood (vide Fig. 1). There was possibly some 
slight increase in the C0 2 -capacity of the blood but the differences from 
the normal hardly exceed the errors of experiment. This result contrasts 
with the previous results of Yandell Henderson and Haggard(5) 
in their experiments on animals. Probably the percentage of C0 2 
breathed in our experiments was insufficient (they used over 10 p.c.), 
or the duration of the experiments was too short, to allow of the re- 
distribution of -alkali in the body as discovered by, these observers. 

Table. II shows the results of urine analyses in the last two experi- 
ments, the main features of which are : 

(a) Diuresis — the volume per hour increasing almost fourfold. 

( b ) Increased excretion of acid — the faintly alkaline urine of 
26/9/19 becoming acid, and the strongly alkaline urine of 3/10/19 
becoming almost neutral. (In these titrations no attempt was made to 
remove C0 2 as in the method described above.) 


Table II. Analyses of urines. Breathing CO. v 


Date 


Time 

Time 

mins. 

20/0/19 

9 a.m. — 1.50 p.m. 
1.50 p.m. — 2.25 „ 
2.25 — 3.50 „ 

290 

35 

85 

3/10/19 

11 

1*> Oft 

a.m. — 12.30 p.m. 

ti tn - 1 

90 

30 

105 


1m ou 

1 

p.m. l ,, 

„ — 2.45 „ 


NH S c.c. 0T N Total N Mg 


Per 

cent. 

Per Per 

hour cent. 

Per 

hour 

20/9/19 

9-00 

0-08 613 

387 


5-20 

13-80 274 

728 


5-30 

12 00 195 

440 

3/10/19 

3-14 

3-88 554 

685 


2-SO 

1-88 

7- 28 270 

8- 34 138 

702 

613 


Rothera acet-o-acetio 


To bring urine to P n 7-4 
requires c.c. 0-1 N 

Per 100 c.c. 

Volume c.c. urine Per hour 


Total 

Per hour Acid 

Alkali 

Acid 

Alkali 

305 

63 

1-60 



1-01 

— 

155 

266 

_ 

1-10 

. — 

2-92 

320 

226 

— 

5-60 

— 

12-70 

185 

124 

14-90 

— 

18-40 

— 

130 

260 

6-00 

— 

15-60 

— 

778 

445 

1-00 


4-40 


NHj 

N p.c. 






of 

Total N 

Remarks 

2-20 

H.W.D'. entered chamber at 

2-65 

1.54 p.m. CO, 5-35 p.c. 

2.30 added 4 cu. ft. CO t 

3-80 

2.40 CO. 6-17 p.c 

3.50 CO; 6-17 p.c. 

0-79 

H.W.D. entered chamber at 


12.27 

1-45 

12.30 CO, 6-01 p.c. 

1-90 

2-45 CO, 6-47 p.c. 

acid — nil throughout. 
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(c) The ammonia excretion per hour was doubled in both experi- 
ments. 

The increase of ammonia is analogous to that found by Walter(O) in 
dogs to which HC1 had been given; and to that of diabetic acidosis. 
]t is presumably due to the action of increased acid of the plasma in 
shielding ammonia from conversion into urea by the liver. The increased 
output of ammonia per hour was of the same order of magnitude as the 
increase of acid or decrease of alkali excreted per hour in the urine, and 
in one experiment was equivalent to about half the increased acidity 
and in the other to about one-third. The liver was therefore from half 
to one-third as efficient as the kidneys in compensating the acidosis. 

Forced breathing experiments. It has previously been shown by 
Henderson and Haggard (5) that excessive pulmonary ventilation in 
animals, whether induced by ether, by mechanical means, or by shock, 
causes a disturbance of the C0 2 -carrying capacity of the blood. In 
addition Leathes(7) has shown that in the human subject a moderate 
degree of forced breathing can be maintained for considerable ‘periods 
and that under such circumstances there is' increased excretion of alkali 
by the kidneys. 

We have endeavoured to extend the observations of Henderson and 
Haggard to man, but find that with the amount of forced breathing 
voluntarily possible in the human subject, there is no alteration of the 
C0 2 -carrying capacity of the blood as evidenced by alteration of the C0 2 
dissociation curve (vide Fig. 1). Three experiments were performed. In 
the first two the duration of the forced breathing was one hour. The first 
sample of urine was taken 15 minutes after commencing forced breathing, 
and the second, together with the sample of blood, at the conclusion. Con- 
siderable discomfort was felt by the subject, the main symptoms observed 
being numbness and tingling of the extremities, fibrillary twitching of 
the orbicularis palpebrarum, and slight Rombergism. These symptoms 
were mostly relieved by the inhalation of a few breaths of pure oxygen. 
The results of the urine analyses of the first two experiments are shown 
in Table III. 

Details of the later experiment are given in the protocol. Outstanding 
features are: 

(a) Diuresis. 

( b ) Marked increase in the alkalinity of the urine (ride protocol). 

(c) Lessened excretion, and, on 4/10/19, complete absence of 
ammonia in the urine. 

(d) The excretion in the first two experiments of doubtful traces 
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of acetone bodies, and in the later experiment of a moderate amount of 
these substances. 


Table III. Forced breathing experiments. 


Date 


Time 


Time 


Volume c.c. 


NH S c.c. 0-1 N Total N Mg 


Per 


mins. Total Per hour cent. 


Per 

hour 


Per 

cent. 


Per 

hour 


NHjN 
p.c. of 
total N 


4/10/19 9 a.m. 1 

to 

- 223 

147 

40 

12.43 p.m.*, 
12.43 p.m. ] 
to 

i 

* 57 

245 

258 

1.40 p.m. f J 

l 




17-00 

G-72 

920 

364 

2-G0 

0-00 

0-00 

213 

550 

0-00 


5/10/10 


0 a.m. 
to 

12.47 p.m.j. 

12.47 p.m. } 
to (• 

1.47 p.m.j- J 


227 

GO 


2G8 

345 


71 


345 


22-00 

15-60 

852 

603 

3-61 

1-20 . 

4-14 

2G1 

900 

0-64 


The alkalinity of these urines is not given in this table ns it was estimated only by 
titration without removing CO,. The increased excretion of bicarbonatcs is shown in the 
protocol of the subsequent experiment. 

* F.B. commenced 12.30 p.m. Eothera, aceto-acetic acid, nil. 

J Eothera, aceto-acetic acid, ? J F.B. commenced 12.48 p.m. 


Protocol of subsequent forced breathing experiment . 

Date 17/3/20. Subject H. W. D. 

12.37 Alveolar CO-. Insp, 5-10 p.c. Exp. 5-09 p.c. Mean, 5-00 p.c. 

1.7 Urine A acid to litmus 189 c.c. {10.10 a.m. — 1,7 p.m. i.e. 04 c.c. per hour). 

Rothera negative. 

1.10 Commenced forced breathing. 

1.30 Urine B alkaline 49 c.c. (1.7 — 1.30 i.e. 128 c.c. per hour) containing equivalent 

of -219 grams of NallCOj*. Alkalinity equal to -053 normal. Rothera 
negative. 

1.33 Feeling thirsty — skin moist. Drank 200 c.c. water. 

1.40 Alveolar CO, Insp. 1 -SO. Exp. 1*70. Mean, 1*05. 

2.2 Thirsty, sweating. Urine C 43-5 c.c. alkaline (1.30 — 2.2 i.e. 82 c.c. per hour) 
containing equivalent of *184 gram NaHCO a *. Alkalinity equal to *001 
normal. Rothera shows moderate amount of acetone bodies. 

2.30 Urine D 103 c.c. alkaline (2.2 — 2.30 i.e. *221 c.c. per hour) containing equivalent 

of -154 gram NaIlC0 3 *. Alkalinity equal to -018 normal. Traces of aceto- 
acetic acid. Alveolar CO, Insp. 1-55. Exp. 1*81. Mean, 1-08. 

2.37 Stopped forced breathing. 

2.57 Alveolar CO, Insp. 4-87. Exp. 4-9G. Mean, 4-92. 

3.0 Urine E 149 c.c. acid to litmus (2.30 — 3 i.e. 29S c.c. per hour). Traces of acetone 
bodies. 

3.33 Urine F acid 19 c.c. (3.0 — 3.33 i.e. 35 c.c. per hour). Rothera negative. 

4.30 Urine O acid 19 c.c. (3.33 — 4.30 i.e. 20 c.c. per hour). Rothera negative. 

4.35 Tea. 

0.48 Urine H acid SS c.c, (4.30 — C.48 i.e. 38 c.c. per hour). Rothera negative 
* Determined volumctncalhj from CO. given off. 
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The excretion of NaHC0 3 in these forced breathing experiments 
appears to us to be inconsistent with the theory of renal secretion briefly 
described by Cushny(8) in the following terms: “The function of the 
kidney may thus be shortly defined as the filtration of the non-colloid 
constituents through the capsule and the absorbtion of Locke’s fluid 
through the tubule cells.” 

During forced breathing the alveolar C0 2 was reduced to between 
1 and 2 p.c., but the total C0 2 capacity, and therefore the total “alkaline 
reserve,” as shown by the C0 2 dissociation curve, after drawing a sample 
of blood and saturating in vitro, was not appreciably diminished. As 
the arterial C0 2 tension was reduced there must have been less NaHC0 3 
in the plasma, i.e. more Na ions combined with proteins and other 
“buffer” substances 1 . But there was an increased amount of NaIIC0 3 
in the urine. This negatives the view of Palmer and van Slyke(O) 
that excretion of NaHC0 3 depends only on excess of it in the blood. It 
also seems to negative the idea of filtration through the glomeruli and 
the return to the blood through the tubule cells of a fluid of constant 
composition. The “buffer” proteins, like Congo red, would keep back 
some of the Na ions so that the hypothetical filtrate would contain less 
NaHC0 3 than normal. If, then, a fluid of constant composition were 
reabsorbed through the tubules, the urine, contrary to our results and 
to those of Leathes, would become less alkaline, i.e. more acid. That 
the alkalinity is mainly due to bicarbonate is shown by the fact that these 
urines, collected during forced breathing, when treated with acid gave 
off from 80-100 vols. p.c. of C0 2 . 

The diminution or disappearance of ammonia seems to be a normal 
response on the part of the liver to “alkalosis” and was shown by 
Hasselbalch(io) and by Haldane, Kellas, and Kennaway(io) to occur 
in the alkalosis caused by the hyperpncea due to oxygen want. 

The appearance of acetone bodies is possibly due to the fact that 
they are shielded by some of the alkali and are excreted before the normal 
oxidative processes occur. It has previously been shown by Staubli(il) 
that in diabetic acidosis the administration of 60 grams per day of 
NallCOj caused the excretion of jS-hydroxybutyric acid to rise from 
17 to 4o-2 grams. In our experiments the amount of aceto-acetie acid 
was so minute that it could not have had any appreciable effect in 
neutralising the alkali. 

1 .Toffc and PouIton(4) showed that the plasma at a CO, pressure of 10 mm. 
(1*3 p.c, of on atmosphere) contains only 30 vois. p.c. of CO, against 53 at 40 mm. pressure 
(5-3 p.c. of atmosphere). Thus the bicarbonate content nos reduced from ‘023 14 to *013 N. 
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According to the results of Parsons ( 12 ) the P H of H.W.D.’s arterial 
blood must have been increased on the occasion when his mean alveolar 
C0 2 reached its lowest recorded value of 142 p.c. from a normal 741 
to 7*79, or by -38. There would however have been comparatively little 
alkalosis in the tissues, as Yandell Henderson has shown in numerous 
papers on acapnia and shock that forced breathing decreases the peri- 
pheral circulation. The bad effects noticed by us were relieved by in- 
halation of oxygen and were presumably due partly to increased stability 
of oxyhsemoglobin, partly to vaso-constriction. 

Effects of ingestion of NaHC0 3 . On eight occasions H.W.D. (weight 
75 kilos) or J.B.S.H. (weight 97 kilos) ate quantities of NaHC0 3 varying 
from 30 to 571- grams. It was found best to take the bicarbonate shortly 
after a massive breakfast as otherwise it acted as a strong purgative. 
Enough water was drunk to wash down the NaHC0 3 and to satisfy 
thirst. The following were the principal results observed : 

(1) Increase of the C0 2 capacity of the blood, demonstrating the 
presence in it of additional NaHCO s . 

(2) Increase in the alveolar C0 2 . 

(3) Moderate diuresis. 

(4) Rapid excretion of NaHC0 3 in the urine, the concentration . 
rising to a definite maximum in each experiment which rarely exceeded 
l/3rd normal or 2-8 p.c. The rate of elimination rose to 7*3 grams per 
hour. 

(5) Great ‘decrease or complete disappearance of the NH 3 in the 

urine. 

(6) Sometimes but not always the appearance of acetone bodies 
in the urine. 

Most of these results are illustrated by Figs. 2 and 3 and by Table V. 
The weight of bicarbonate excreted is given as NaHC0 3 though doubtless 
some of it was presept as KHC0 3 . The bicarbonate in Fig. 2 was esti- 
mated by titration, in Fig. 3 by measuring the C0 2 given off. 

The results of experiments on the C0 2 -capacity of the blood are given 
in Table IV and in Fig. 1. The rise in this varies from 5 to 19 volumes 
p.c. and in one case there was a small but probably significant excess 
after 24 hours. The increase of 19 volumes in the total C0 2 capacity 
(i.e. the capacity at a high pressure) corresponds to an increase of 
•071 gram of bicarbonate per 100 c.c. or 3-2 grams in the whole blood 
of H. W. D. whose blood volume is about litres. At the' time this blood 
was taken 41-5 grams remained in his bodv, and taking the weight of 
his skeleton as 12 kilos we should expect to find 3-0 grams in his blood 
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Table IV. C0 2 -capacity of blood of H. W. D. after ingestion of NaHCO a . 



Dose of 

Time between 
1st dose 
and drawing 

Pressure of 
CO. in 

Vol. of CO, 
from 100 vols. 

Vols. of C0 2 

Excess 
vol. over 

Date 

NaHC0 3 

of blood 

mm. Hg 

of blood 

combined 

normal 

0/10/19 

30 grms. 

21 hours 

71-3 

75-7 

70-9 

10 

if 

ij 

5~ „ 

60-2 

60-3 

62-2 

5 

7/10/19 

yt 

24 

46-3 

56-3 

53-1 

2 

10/10/19 15 at 0 hr. 

1 

41-3 

60-7 

58-0 

9 

ft 

15 „ 1 „ 

4 „ 

405 

130-8 

103-6 

6-5 

a 

15 „ 2 „ 

6 

41-1 

58-5 

55-7 

7 

30/10/19 

45 grms. 

3i „ 

339 

134-0 

111-2 

18 

10/11/19 

if 

2 

(345 

135-5 

112-3 

19 

>» 

a 


( 43-5 

66-4 

63-5 

13-5 


if the ingested bicarbonate were evenly distributed throughout his body. 
Of course in the living blood the alkali was not all present as bicarbonate, 
some being combined with protein. 

In order to make sure that the changes in alkaline reserve were not 
due to an increase of the ratio of plasma to corpuscles, haemoglobin 
percentages were taken throughout one experiment by the Gowers- 
Haldane method, and only varied between 94-5 p.c. and 96-5 p.c., 
although the C0 2 -capacity increased by 18 volumes p.c. 

The alveolar C0 2 increased by amounts seldom much exceeding 1 p.c., 
the maximum being generally reached three to four hours after ingestion 
of the bicarbonate. Typical results are shown in Figs. 2 and 3. The highest 
point on the former is probably erroneous, as the inspiration sample 
apparently contained more C0 2 than the expiration. Kegular breathing 
was sometimes rendered difficult by the slight digestive disturbances 
produced by liberation of C0 2 in the alimentary tract. 

An increase of the alveolar C0 2 from 5-5 p.c. to 6-9 p.c. corresponds 
to a decrease of the breathing by about 15 p.c. According to the results 
of Campbell, Douglas, Haldane and Hobson(i3) this corresponds to 
an increase of about -0018 in the P n of the blood. There was thus 
a slight, but extremely slight, alkalosis, about' 1 /200th of that caused 
in the arterial blood by the forced breathing. In accordance with this 
there was no appreciable discomfort apart from that due to irritation 
of the digestive system. 

The diuresis never exceeded 400 c.c. per hour, and disappeared long 
before all the bicarbonate was eliminated. The excretion of water was 
invariably much larger than the quantity drunk. The concentration of 
bicarbonate in the urine rose to a maximum which varied on different 
dates, those of IT.W.D. being -30S normal, -308 N and -37411, those 
of J.B.S.H. -358 N and *269 N. This is in accordance with the results 
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of Ambard and Papin(M), who in a similar experiment obtained a 
maximum concentration of -31 N for total sodium salts. 


Table V. 




KH.c.c. 0-1 N 

Total N Mg 

NH 3 N 


J’JaHCO, 

Urine 

- 1 

>■ — 

— * 


p.c. of 


ingested 

collected 

Per cent 

Per hour 

Per cent. 

Per hour 

total N 

Rothera 

1.25 

15 grins. 

8.15—11.30 

21*5 

11-2 

873 

456 

3*440 

nil 

2.25 








15 grms. 

11.30—12.30** 

1*50 

2*47 

419 

691 

0*501 

nil 

1.25 








15 grms. 

12.30— 1.30* 

0-40 

0-74 

357 

660 

0*160 

. nil 


1.30— 2.30* 

000 

000 

364 

575 

0*000 

? 


2.30— 3.30* 

0-80 

100 

410 

5 57 

0*270 

faint 


3.30— 5.30 

0-80 

0-66 

621 

609 

0*180 

strong 


5.30— C.30 

2-20 

1*54 

861 

603 

0*360 

trace 


a.m. next day 








8.30—12.30 

5-10 

2-40 

906 

456 

0*739 

nil 


* Diuresis. 


The maximum concentration was gradually attained during the 
latter part of the diuresis or just after its close, but the concentration 
does not fall appreciably until many hours after the diuresis has passed. 
The particular value of the maximum reached did not appear to depend 
on the magnitude of the dose of bicarbonate or on any other obvious 
cause. The rate of elimination was greatest during the diuresis, and was 
roughly proportional to the increase in alveolar CO.. The greatest quan- 
tities eliminated in an hour were 5-80 grams by HAV.D. and 7-32 grams 
by J.B.S.H. The former represents more than twice the total excess of 
alkali in his entire blood. In the experiment recorded in Pig. 2, 39-5 
out of 57-5 grams were eliminated in the first 10 hours, in that illustrated 
in Pig. 3 3 MG out of 00 were eliminated in the first 14 hours, yet the 
concentration had fallen very little. Certainly the excess of alkali in the 
plasma must have been much less during the early part of the diuresis 
and j'et the concentration was higher. This is in accordance with 
Ambard and Papin’s conclusion — that the kidney requires a certain 
time to adapt itself to the production of urine of a high concentration, 
whereas it can produce large quantities of comparatively dilute urine at 
a moment’s notice. 

The concentration of ammonia, its rate of elimination per hour, and 
the ratio of ammonia N to total N all fell rapidly, reaching a minimum 
and sometimes disappearing completely during the fourth hour after 
ingestion. Table V gives the results of a typical experiment on If. W. 1). 
It will be seen that the total N excreted per hour remained fairly steady. 
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Denis and MinotdT) have obtained similar results in cases of nephritis 
but attempts to duplicate them in' normal subjects were unsuccessful. 
This failure they attribute to excretion of alkali before its neutralising 
effect on acid radicals has been exerted. They consider speculations 
regarding “residual ammonia fractions” superfluous, the only function' 
of ammonia being the neutralisation of acid radicals. A similar conclusion 
has been reached by Janney(i8) although he has never succeeded in 
obtaining ammonia-free urine. The lowest recorded amount of NH 3 
nitrogen obtained in one day was -0086 gram after the ingestion of 
60 grams of NaHC0 3 . Our results confirm the conclusions of these 
observers and seem to indicate that if sufficient alkali can be introduced 
into the body all the ammonia will be converted into urea. 

Aceto-acetates were generally, but not always, found in the urine. 
They never appeared in any quantity before the fourth hour after 
ingestion and tbeir maximum excretion was always after the diuresis 
. and lessened breathing had begun to pass off. 

Macleod and Knapp (15) found that lactates appeared in excess 
in the urine after alkali ingestion. Rough estimations of the lactates in 
H. W.D.’s urine during one experiment by Ryffel’s ( 1 G) method seemed 
to show a slight increase, but exact estimations were not made, as the 
subject had taken a certain amount of exercise, e.g. shaking the blood 
gas apparatus, during the course of the experiment. In any case the 
extra lactic acid found would not have neutralised any appreciable pro- 
portion of the alkali ingested. 


Summary. 

1. The complete C0 2 dissociation curve of human blood is given. 
It does not altogether agree with Parsons’ theory at high C0 2 tensions. 

2. This curve cannot be altered in man by short periods of forced 
breathing or breathing moderate excess of C0 2 . It is greatly altered by 
ingestion of alkali. 

3. In the acidosis of breathing excess of C0 2 the urine becomes more 
acid and its NH 3 increases. In the alkalosis of forced breathing or 
bicarbonate ingestion it becomes alkaline; the NII 3 decreases or dis- 
appears; and the rate of bicarbonate excretion may be very rapid. 

4. Acetone bodies generally appear in the urine of alkalosis. 

5. The concentration of sodium bicarbonate in the urine has a limiting 
value which is independent of its rate of excretion. 

6. The excretion of alkali during forced breathing does not appear 
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to be compatible with the theory that the kidneys reabsorb a fluid of 
constant composition from a glomerular filtrate. 

7. The alveolar C0 2 -percentage is greatly increased by ingestion of 
alkali. 

8. As bicarbonate plays an important part as a buffer in alkaline 
urine, a special method of titration was employed, and is described, ns 
well as a method for directly determining bicarbonates in urine. 
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THE MUSCULAR MECHANISM OF THE DIAPHRAGM. 
By GRACE BRISCOE, M.B., B.S. 


{From the Physiological Laboratory, London ( R.F.H .) School of Medicine 

for Women.) 

In the Arris and Gale Lecture delivered in February 1919 a new view of 
the action of the diaphragm was put forward by J. C. Briscoe(i). 
Briefly the proposition was as follows: That the diaphragm should not 
be considered as a single muscle, nor as constituted of two lateral halves, 
but should be regarded as consisting in the crura and the two costal 
portions; the crura acting mesially, and the costal parts arising from 
the ribs acting laterally. Further, the crura were regarded as the more 
essential portions, the costal parts being, in a manner, supplementary 
to the crura. It was claimed that certain exceptional individuals breathed 
almost exclusively by contraction of the crura, “the crural type,” while 
others, “the parietal type,” depended upon contraction of the costal 
part of the muscle which arises from the ribs. The majority of individuals 
employ both parts of the muscle in varying degrees during quiet breathing. 

Such a division of the muscle into crural and costal portions was 
supported by a number of considerations. (1) The crural and costal 
portions are developed from different muscular sheets in the embryo (2). 

(2) The crura receive their blood supply directly from the aorta; the 
costal portion from the intercostal arteries and the internal mammary 
artery. Both sets of vessels communicate with the comes nervi phrenici. 

(3) The phrenic nerve on reaching the diaphragm divides into two 
portions. The posterior branch supplies the anatomical crus on that side, 
and the adjacent muscle arising from the external arcuate ligament 
(the embryological crus). The anterior branch supplies the remainder 
or costal portion. (4) A congenital fault in the muscle, when it occurs, 
is usually found at the point of the junction of these two portions, viz.) 
in the neighbourhood of the last rib. (5) Certain differences were ex- 
hibited in X-ray tracings taken from individuals with the two types of 
respiration and (6) differences were found in the pathological phenomena 
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to which these individuals are liable. (7) A r arious differences w ere found 
in the shapes and joints of the chest, and in the contractions of synergist 
and antagonistic muscles in these two types. 

No direct experimental evidence indicating differences in the con- 
traction of these two portions of the diaphragm had been adduced. The 
object of this research, was to see whether differences could be detected 
in the form and mode of contraction of the crural and costal portions, 
and to find an explanation for such differences if they were discovered. 

Certain clinical phenomena had been observed,* which if confirmed 
experimentally, promised to give conclusive support to the theory pro- 
pounded. (1) Extension of the spine induced the crural type of breathing. 
(2) Flexion of the spine initiated the parietal form of breathing. (3) The 
clinical fact that patients dying with ascites were found not to have 
deflation of the lower lobes (expansion of the latter being attributed to 
the costal portion of the muscle) led to the conclusion that non-irritative 
distension of the abdomen promoted parietal breathing. 

Methods. Two methods have been followed in recording the move- 
ments of the diaphragm. In the first series the animal was pithed and 
artificial respiration performed. Portions of two or three ribs were 
removed on one side to allow hooks to be placed on the crus and dome 
of that side, these hooks being attached by threads to light recording 
levers. Electrical stimulation was applied to the phrenic nerve, and the 
movements of the diaphragm on the side exposed recorded. In the 
second series the animal was kept under ether anaesthesia throughout. 
A pneumothorax was made on one side of the chest, hooks ettached ns 
before to crus and dome, and the movements of the diaphragm with 
spontaneous respiration recorded. It was sometimes necessary to put 
in a tracheotomy tube and keep up artificial respiration for a short 
period if the heart showed signs of flagging. When the heart revived, 
spontaneous respiration was resumed. Most of the experiments were 
carried out with the animal lying flat on its back, but the same results 
were obtained with the animal in a prone position. When lying prone, 
portions of the 7th and 8th ribs posteriorly were removed. The animals 
used were chiefly cats and a few rabbits. 

Comparison of movements of crural and parietal portions of the dia- 
phragm. The word "dome” is used to denote that part of the diaphragm 
which arises directly from the ribs or cartilages. Usually the contraction 
of the crus imparted a larger movement to the lever than that of the 
dome. The amount of movement, how ever, could be altered by changing 
the position of the hooks, so that the contractions, under different ' 
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cumstances, can only be compared when the hooks are kept in the same 
relative positions. 

When the animal was lying flat on its back with the spine neither 
flexed nor extended, it was found, in the majority of cases, that the 
latent period of contraction was shorter in the crus than in the dome. 
This difference in the latent period was found, both when the contractions 
resulted from stimulation of the phrenic nerve (Fig. 1), and when they 
occurred during spontaneous respiration. Records of single spontaneous 
contractions were obtained by making the drum rotate rapidly during 
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of crus and dome, with electrical stimulation of the phrenic nerve. 

( 

tu~ v^ : .->d'of o r -' respiration. These tracings showed that the inspiratory 
contract: "h started earlier in the crus than in the dome. 

Effect of flexion and extension of the spine. When the spine is flexed, 
the contraction of the dome is usually increased, and that of the crus 
diminished. When the spine is extended by placing a couple of dusters 
under the animal’s back the contraction of the dome is diminished, and 
that of the crus increased. In all the animals tested, the same type of 
result was obtained. Although in some cases the contraction of both 
crus and dome might be increased or diminished by the change of posi- 
tion, the alteration was in the same direction, i.e., the crus was increased 
relatively to the dome by extension, and the dome increased relatively 
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to the crus by flexion (see Fig. 2). The same results were obtained when 
the phrenic was stimulated and a single contraction recorded. These 
tracings showed that the change of position had an effect, not only on 
the energy, but also on the latent period of contraction. When the animal 
was lying flat on its back, the latent period of the dome was longer than 
that of the crus. When the back was extended this difference in the 
latent period became more 
marked ; when flexed thedif- 
ference in the latent period 
disappeared. It would ap- 
pear then, that extension 
of the spine not only in- 
creases the energy, but 
shortens the latent period 
of contraction of the crus, 
while flexion of the spine 
increases the contraction, 
and shortens the latent 
period of the dome. 

The effect of distending 
the abdomen with saline. 

In these experiments the 
animals were lying supine, 
neither flexed nor extended. 

The movements of the dia- 
phragm with spontaneous 
respiration were recorded. 

1 As the saline was injected 
slowly into the abdominal 
; cavity, the movement of 

the domo lever gradually increased. The injection of saline was con- 
i tinued until the abdomen was tense and the dome pushed up into the 
< thorax. Fig. 3 records the results of one of these experiments. After 
f 2G0 c.c. of saline had been injected, the amplitude of movement of the 
i lever attached to the costal portion was increased to fourfold the initial 
S contraction. The movement of the crus lever remained practii "v 
; unaltered. 

j In a pithed animal, saline was injected into the 
t tense. Tracings of a single contraction of the 
; tion of the phrenic nerve, were taken before 
rn. Liv, 



Fig. 2. Cat. Contractions of crus and domo with 
spontaneous respiration (upstroke inspiration), 
upper tracing domo, lower tracing cms,.i. animal 
lying fiat on back. B. Bprno extended. C. Spine 
iloxcd. 
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first tracing showed that the latent period of the dome was longer than 
that of .the crus, and that the movement of the dome lever was smaller 
than that of the crus. The second showed that both crus and dome were 
now r contracting more strongly, with the same strength of stimulus, 
but that the movement of the dome lever was now greater than that 
of the criis. The delay in the latent period had also disappeared, the dome 
now having a slightly shorter latent period than the crus. In short, the 
effect of distending the abdomen and pushing up the diaphragm into the 
thorax had been to increase the energy of contraction of the dome, and 
to diminish its latent period of contraction relatively to that of the crus. 

Effect of excitation with varying stimuli. It is obvious when an animal 
is breathing regularly under anaesthesia, without dyspnoea, that it is 
responding to a submaximal stimulus. In a pithed animal, the phrenic 
of one side was stimulated by electrical currents of different strengths, 
varying from maximal to minimal. The contractions of crus and dome 
were recorded with the animal lying flat. The experiment was repeated 
using the same strength of stimuli, with the spine extended and again 
with the spine flexed. With the spine horizontal, the contractions of both 
crus and dome were about equal, and the contractions caused by the 
maximal stimuli had shorter latent periods than those caused by sub- 
maximal stimuli. When the spine was extended, the contractions of 
the dome were considerably diminished, and stimuli which had been 
submaximal when the animal was flat, now became subminimal and 
no contraction was recorded with the weakest stimulus employed. 
When the spine was flexed, the contraction of the dome became much 
larger and the contraction of the crus less, than in the first experiment;. 
Stimuli which had been submaximal for the crus now became subminimal. 

This experiment appears to show that extension of the spine causes 
a lowered state of excitability in the dome, and that flexion of the spine 
causes a lowered state of excitability in the crus. 

Effect of lateral flexion of the spine. When thespine was flexed laterally 
so that the concavity was on the side of the pneumothorax, the con- 
tractions of both crus and dome were diminished; when the convexity 
was on the side of the pneumothorax, the contractions of both parts 
were increased. On looking at the diaphragm, it was obvious that in 
the first case, the muscle fibres were relaxed, in the second that they u ere 
stretched. 

Section of branches of the phrenic. In some cats the phrenic divides 
into posterior and anterior branches before it enters the muscle. The 
posterior branch to the crus was cut after a record of spontaneous con- 
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tractions of the diaphragm had been obtained. The result was that 
the crus went out of action and the movement of the dome on the same 
side became less effective (this is illustrated in the latter part of Fig. 3). 
When the whole nerve was cut, the costal lever still recorded a certain 
amount of movement. This movement was probably due to the action 
of the opposite and sound side of the diaphragm pulling over the para- 
lysed side. A similar result was recorded in a pithed animal. After section 
of the posterior branch, stimulation of the phrenic show ed no contraction 
of the crus, and a diminished movement of the dome. After section of 
the anterior branches of the phrenic supplying the costal portion, 



Fig. 3. Cat. Effect of distending abdomen with saline, and of section of posterior branch 
of phrenic tot bo crus. /I. Spontaneous respiration before injection of saline J3. IGOc.c. 
of saline injected into abdominal cavity. C. 260 c.o of saline injected into abdominal 
cavity. D . About 150 c.c. of saline withdrawn from abdominal cavity, E. Section of 
posterior branch of the phrenic nerve, supplying the crus. (The nerve was cut im- 
mediately after the record D was obtained, without tho further withdrawal of fluid.) 

stimulation of the nerve in a pithed animal showed that the contraction 
of the crus was less effective and that there was no contraction of the 
dome. In one case, where the contraction, of the crus was vigorous, a 
relaxation of the dome occurred, as shown by the dropping of the 
attached lever. Probably relaxation of the dome only occurs when the 
crus contracts fairly sharply and pulls on the unexcited portion of the 
muscle. 

The movements of the diaphragm during respifatmn 
best when a posterior pneumothorax is made. ~T 
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posterior portions of the 7th and 8th ribs are removed, and through this 
window both crus and dome can be watched while the movements of 
spontaneous respiration are being carried out. 

The general movement of the whole diaphragm during inspiration 
is downwards, the greatest descent taking place in the region of the 
central tendon. With a right-sided pneumothorax the right branch of 
the trefoil tendon can be seen clearly. When the animal is lying prone, 
with each inspiration this branch of the tendon descends in its own axis. 
When the body is flexed, the same part of the tendon comes forward 
but still descends in its own axis. In consequence, the fibres of the crus 
are less vertical and more antero-posterior. When the spine is extended, 
this part of the tendon moves nearer the middle line. 

After section of the phrenic nerve on the side of the pneumothorax, 
the whole of the parts seen became flaccid, except a small portion of the 
crus round the oesophagus which continued contracting. The paralysed 
half of the diaphragm was pulled over to the opposite side.by the sound 
half, with each inspiration. 

The experiments detailed above all point to the same conclusion — 
that the differences found in the energy of contraction and 
in the latent period of contraction are due to the changes in 
the stretching or tension of the different parts of the dia- 
phragm, brought about by alteration in posture. Extension of the spine 
produces a relatively increased action of the crus, flexion causes a rela- 
tive increase in the action of the costal portion. Following the law of 
skeletal muscle as enunciated by Blix that “the energy of contraction, 
hoivever measured, is a function of the length of the muscle fibre,” it 
may be assumed that extension of the spine causes a stretching of the 
fibres of the crus, and that flexion has an opposite effect. That such 
stretching and relaxation does take place can be demonstrated on the 
pithed animal by looking through the posterior window. On extending 
the spine, the fibres of the crus can be seen to be stretched, while when 
the opposite movement of flexion is made these fibres can be seen to 
become relaxed. The dome can be observed better through the anterior 
window. With spinal extension, the dome disappears from view, but with 
flexion it is pushed up into the thorax, and its fibres are necessarily 
elongated. 

When saline is injected into the abdominal cavity, the energy of 
contraction of the dome becomes greater as the intra-abdominal pressure 
is increased, and at the same time the diaphragm is pushed up into the 
thorax. Here again, the fibres of the costal portion must be stretched. 
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Probably there is also an increase in the tension of the crus, as in two 
cases out of four there was a slight increase in the action of the crus; 
the main effect however was on the dome. The latent period of contrac- 
tion of the dome becomes shorter as the energy of contraction is increased. 
Again, with lateral flexion of the spine, the energy of contraction of both 
crural and costal parts becomes less, when the tension of the muscle 
fibres is decreased, and greater when the fibres are stretched. 

Summary. 

The action of the two parts of the diaphragm can be modified by 
various factors; the modifications are due to changes in the tension of 
the different parts; and such tension is altered both by the various posi- 
tions of the body, and by the degree of intra-abdominal tension. The 
experimental evidence appears to confirm the hypothesis put forward, 
based on clinical observation, that the diaphragm should not be regarded 
as a functional whole, but rather that a differentiation should be made 
between the action of the crural and costal portions of the muscle. 

The experimental work was carried out in the Physiological Laboratory 
in the London School of Medicine for Women, by the kind permission 
of Dr Cullis. I wish to acknowledge my indebtedness both to Dr Cullis 
and Dr J. C. Briscoe for help and many suggestions. 
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These experiments showed that bats in full flight and in what ap- 
peared to be absolute darkness can not only steer round a room and 
avoid one another, but that they can also avoid obstacles such as 
threads. Further that they can tell whether a door is shut or open wide, 
or just sufficiently wide open to allow them to pass. Now these facts 
definitely exclude vision as the sense concerned, and in my opinion they 
as definitely exclude the sense of touch. For it seems to me impossible 
that a bat should be able to fly at an object until it touched it and to 
then avoid hitting it. The sense concerned must be able to perceive 
objects when they are still a considerable distance away. This conclusion 
would appear, by the exclusion of vision and touch, to have brought us 
to the third conclusion, namely, that bats possess some sixth sense not 
found in the case of man. I am not however prepared to accept that 
conclusion until another explanation has been tested and proyed to be 
at fault, namely, that bats depend on their hearing for the directional 
control of their flight at night. 

Two properties of sound with which we are familiar as the result of 
common experience are that sound does not form sharp shadows and 
that it is not sharply reflected from Bolid objects. The reason for these 
effects is that the wave-length of sound is large compared with that of 
objects with which we are ordinarily associated and therefore diffraction 
occurs. If, however, the objects are sufficiently large, sound casts 
shadows and obeys laws of reflection similar to those of light. If sounds 
of very short wave-length are tested — sounds that are near or above 
the audible limit for man — then it is found that reflection and shadow 
formation both occur with ordinary objects. Not only do small objects 
cast shadows but a flat surface a few centimetres in diameter will reflect 
these sound waves sharply. Further, quite small objects which would 
not reflect an appreciable amount of “ordinary’' sound reflect short 
wave-length sound with considerable intensity. 

I suggest then that bats during flight emit a short wave-length note 
and that this sound is reflected from objects in the vicinity. The re- 
flected sound gives the bat information concerning its surroundings. If 
the path ahead is clear of obstacles, no sound waves are reflected back 
to the listener. If there are obstacles then these will reflect the sound 
and the bat will receive an audible warning. Experiments on “sound 
ranging” apparatus during the war have shown that the sense of direc- 
tion in man can be made use of for estimating the position in space 
of objects emitting sound waves. Under ordinary circumstances it w 
necessary to increase greatly the effective distance between the ears in 
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order to obtain the required accuracy. But if sound waves of sufg. 
ciently short wave-length could have been used the same results could 
have been obtained with the normal distance between the ears. It is 
highly probable therefore that if a bat made use of short wave-length 
sound it would be able to estimate the position in space of an object 
ahead of it with considerable accuracy. 

The following facts fit in with this hypothesis: 

(1) Bats are known to emit short wave-length sounds near the 
audible limit of man and above that of some people. (2) Bat3 have 
large finely developed and sensitive pinnae. Many observers have re- 
marked on their acuteness of hearing. (3) Bats are not disturbed by 
man’s speech, but are greatly disturbed if the hands are clapped together 
or paper is torn (Whitaker). The latter causes them to decrease their 
speed of flight and to commence “fluttering.” The presumption is that 
while man’s speech is below their audible limits, the sounds emitted by 
the clapped hands or torn paper reach their audible range and disturb 
the acuteness of audition that is directing their flight. 

Summary. 

Certain experiments with bats are described in which their flight 
was observed under conditions which excluded the guidance by vision 
■5V fviacJr. file hypothesis is aaVancea’ that their ifighh is ihivertevi by a 
specialized sense of hearing since the sound waves of short wave-length 
Which they are known to emit 'are capable of casting shadows and of 
forming “sound pictures.” 
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THE ACTION OF THE HCO s ION AND OF MORPHINE 
ON THE RESPIRATORY CENTRE. By J. B. COLLIP. 

{From the Department of Physiology and Bio-chemistry , of the 
University of Alberta , Canada.) 

It has been shown by Scott (l) that there is not the close parallelism 
between respiration and the C H of the blood as has been supposed by 
the theory of Winterstein(2) and Hasselbalch(3). He found that 
dogs in which the C H of the blood had been definitely lowered by intra- 
venous injections of Na 2 C0 3 responded to increased C0 2 tension in the 
alveolar air in much the same manner as normal animals. He concluded 
that undissociated C0 2 acts as a specific respiratory hormone and that 
the physiological effects of C0 2 on respiration cannot be attributed 
solely to its acid properties when in solution. Hooker, Wilson and 
Connett(4) found when the medulla was kept alive by perfusion with 
defibrinated blood through the vessels of the brain that the respiratory 
movements of the diaphragm became depressed with a decrease and 
augmented with an increase in the C H of the perfusion fluid but that 
a greater activity of the centre was produced when the perfusion fluid 
contained C0 2 at a high tension. Macleod and Pearse(5) have inter- 
preted such results as indicating clearly that the carbonate ion (HC0 3 ) 
has a stimulating influence on the respiratory centre. 

It was noted in the course of an investigation of the effect of induced 

variations in the alkali reserve of the blood upon the alkali reserve of 

the spinal fluid, that dogs under constant ether anaesthesia manifested 

definite respiratory stimulation in certain instances when 5 p.c. NaHC0 3 

was given by intravenous injection. The amounts of sodium bicarbonate 

given were Buch as to preclude the possibility of the C H of the blood 

H CO 

being the effective stimulating agent while the molecular ratio ^hcoI 
must have been markedly decreased due to an increase in the denomi- 
nator. Pig. 1 is illustrative of the type of variation in the respiratory 
activity that was obtained in dogs on different occasions during and 
after large injections of sodium bicarbonate. The blood-pressure in the 
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left carotid artery was recorded by the mercury manometer. Respira-. 
tions were recorded by a Marey tambour which was connected to a 
side tube placed in the tracheal cannula the outer tension of which was 
kept constant. Injections were made into the left jugular vein bv the 
gravity method. The animals were kept under moderately light other 
anaesthesia, the anaesthetic being given by a Would bottle. Wien 
excessive amounts of bicarbonate were injeoted it was found that the 
respiratory movements which were at times first increased both in 
amplitude and rate gradually decreased and finally failed. The blood- 
pressure was maintained at a high level throughout the experiment. 

Quite a different picture was presented by dogs which had received 



* 1S " ^ ler amesthesia. Effect upon respiration and blood-pressure of injection 

0 150 c c. of 5 p c. NaHC0 3 . (a) Before. (6) At close of injection. Time: 1 second 
intervals. 


morphine by subcutaneous injection prior to etherization. The respi- 
ratory movements which were recorded for some time prior to the 
injection of bicarbonate in order to give an adequate control, were found 
to decrease as a rule both in rate and amplitude soon after the injection 
"as started. There soon developed however a peculiar periodicity in 
o respiration which was manifested by short periods of hyperpmea 
" ch appeared at more or less regular intervals. Concomitant with 
. 0 kyperpnma there was a marked rise in blood-precsure which .. 
immediately followed by an equally marked fall T< - ■ 

the normal level. Fig. 2 illustrates the typ> r 1 ' 

ood-pressure variation which is associated »' 
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thesia and a high level of plasma bicarbonate. The same effect can be 
obtained with morphine alone (Fig. 3), or with morphine and ether 
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Tig. 2. Dog. Morphine 1} grins. subcutaneous; ether inhalation. Effect upon respiration 
and blood-pressure immediately following injection of 300 c.c. of 5 p.c. NaHC0 3 into 
jugular vein, b, 2 minutes after a. c, 1 J minutes after b. d, 1J minute3 after e. 
e, 2 minute3 after d. Time: 1 second intervals. 

provided the amount of morphine administered is sufficiently great. The 
bicarbonate in the experiment, of which Fig. 2 i3 the graphic record, 




Fig. 3. Dog. Periodic breathing following anaesthesia induced by subcutaneous injection 
of 5 grms. of morphine sulphate. 

Fig. 4. Dog. Morphine 2J grms. subcutaneous followed by ether inhalation. Ip) Taken 
at commencement of injection of 650 c.c. of 5 p.c. NaHCO, into jugular vein. 
(6) Taken 2 minutes after a, and during course of injection. 

produced an effect which a larger dose of morphine alone would have 
produced. It would therefore seem to have augmented the action of 
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morphine on the medullary centres. Occasionally, however, one may 
obtain increased respiratory movements in an animal under morphine- 
ether anesthesia following the intravenous administration of NaHCO a 
(Fig. 4). The injection of small amounts of sodium bicarbonate intra- 
spinally produced intensive hyperpnoea, the onset of which was almost 
immediate irrespective of whether the animal was under morphine-ether 
anesthesia or morphine alone. When spinal puncture was accomplished 
under local anesthesia preceded by a small dose of morphine to quiet 
the animal the same effect was produced. The writer(G) has elsewhere 
shown that definite stimulation of the respiratory centre follows the 
injection of very small amounts of sodium bicarbonate solution either 
into the cisterna magna or the carotid artery. 

A rhythmic alteration in the tonus of the cardio-inhibitory centre 
probably accounts for the peculiar blood-pressure tracing frequently 
obtained with dogs under morphine-ether anmsthesia with high plasma 
bicarbonate, as section of the vagi abolished the inhibitory phases. 

Summary, 

The administration of sodium bicarbonate by intravenous injection 
may result in increased respiratory activity. The instillation of sodium 
bicarbonate into the spinal fluid results practically at all times in 
definite stimulation of the respiratory centre. 

The results point to the specific sensitivity of the respiratory centre 
to the HCOj ion. It is possible however that a disturbance in the kation 
equilibrium in the nerve cells as a result of bicarbonate administration 
may be the chief basis for the observed stimulatory action of sodium 
bicarbonate. 
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THE ACID-BASE EQUILIBRIUM IN THE CEREBRO- 
SPINAL FLUID. By T. R. PARSONS' ( Michael . Foster 
Student ) and C. SHEARER, F.R.S. 

(From the Physiological Laboratory, Cambridge.) 

In the present paper we wist to record the results of some experiments 
'we have made on the ionic equilibrium in the cerebro-spinal fluid. The 
idea of measuring the reaction of this fluid is by no means new. Foa(i), 
at a time when the electrometric method had been but recently applied 
to the measurement of the hydrogen-ion concentrations of body fluids, 
used it for the examination of a sample of cerebro-spinal fluid of the 
dog, • and obtained a value of 0-597 x 10~ 7 N for its concentration of 
hydrogen-ions, i.e. a p H of 7-22. The titratable alkalinity of this sample 
was found to be 0-02 N. On the other hand, Polyani(2) records a 
determination in which he found a hydrogen-ion concentration of 
9-084 x 10~ u (p a ~ 10-0), a result so far on the alkaline side, as to 
suggest a complete loss of the combined carbon dioxide of the fluid. 
As a matter of fact, Mott (3) had just previously called attention to the 
occurrence in normal cerebro-spinal fluid of about 50 volumes' of carbon 
dioxide per cent., the greater part of which is in firm chemical com- 
bination; and from what is now known of the effect of changes of carbon 
dioxide content on the reaction of other body fluids, for example the 
blood, it is evident that unless the fluid be collected and examined 
without loss of carbon dioxide, the observed reaction of the fluid will 
be much on the alkaline side of that which it possessed in the body. 
This accounts for the alkaline values, ranging from p H = 7-9 to 8-3, 
obtained by Weston(-i), using the dialysis-indicator method and neg- 
lecting any possible effect of the carbon dioxide. Hurwitz and 
Tranter(5) obtained similar values — p H 8-15 to 8-30 — as they assumed 
.that all the carbon dioxide was sufficiently firmly combined not to be 
lost during their experimental manipulations. On the other hand, more 
recent observers such as Felton, Hussey and Bayne-Jones(O), and 
Levinson{7), who have taken precautions against the loss of carbon 
dioxide from the fluid, have found much more acid values of ranging 
from 7-7 to 7-9 in the case of the first mentioned authors, and from 
7-4 to T-G in the case of the latter. Lastly, Milroy(8) using the electro- 
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metric method, haa investigated the changes of reaction of a sample of 
human cerebro-spinal fluid as its carbon dioxide tension was changed, 
and has found that in its behaviour it resembles a 0-02 N solution of 
soidum bicarbonate, made up in 0-18 N sodium chloride. 

In the experiments here recorded, we have collected the fluid to be 
examined in two portions. One sample, the smaller, was collected in 
such a manner as not to come into contact with air, and on this we 
estimated the total carbon dioxide content of the fluid as it exists in 
the body. The second and larger sample of spinal fluid, in which this 
precaution was not taken, was used for observations at various known 
tensions of carbon dioxide. 

The apparatus we used for collecting the smaller sample is sketched 
in Fig. 1. It consists of a glass collecting tube (T) about 15 cm. long 
and capable of holding about 2 c.c. of 
fluid; at its lower end it is sealed and at 
the upper is fitted with a short length 
of pressure tubing (K), provided with a 
screw-clip (S). This collecting tube is 
filled by means of a central tube (C), of 
about 1 mm. bore, which is connected by 
a light flexible rubber tube to the free end 
of the lumbar puncture needle. As soon 
as the latter has been inserted and the 
cerebro-spinal fluid is seen to drip freely 
from it, and all the air has been expelled 
from the needle and the tubing, the end 
of the small glass tube is placed in the 
bottom of the collecting tube and as the 
fluid gradually fills the tube (0) is with- 
drawn slowly until the collecting tube is 
completely full up to the clip (S). The 
central tube is then completely withdrawn 

and the clip quickly, screwed tight. Thu3 _ , . , . 

a sample of the fluid can be readily cerobro-spinal Uuid without 

. collected which has not come in contact loss of carbon dioxide, 

with air, and can then be transported to 

the laboratory. When required for analysis the fluid is withdrawn into 
a pipette drawn out into a fine capillary which will reach to the bottom 
of the tube (T), and from this measured directly into the n^ . ■ for 
the estimation of its total carbon dioxide content. The 
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of tlie fluid was collected in a test tube without special precautions as 
to the loss of carbon dioxide. Both samples were preserved on ice until 
they could be examined. 

Of each specimen of spinal fluid separate portions were saturated at 
body temperature with hydrogen mixtures containing known tensions 
of carbon dioxide, and then transferred, a part to an electrode vessel 
filled with the same gas mixture for the electrometric determination of 
the hydrogen-ion concentration; the remainder to a pipette for measure* 
ment into the bottle of the Bareroft differential apparatus, for the 
determination of the total carbon dioxide content. The alkali used in 
the differential apparatus was N/40 baryta, and the apparatus was 
calibrated by the use of a standard solution of sodium carbonate. 

The estimations of the total carbon dioxide contents of the specimens 
of fluid collected from the body without contact with air were made in 
the Bame manner. It is unnecessary to give details of these methods 
here, as they have been described with reference to blood and blood 
plasma in a previous paper (Parsons(9)). It will be sufficient to mention 
that in this way we were able to measure, at several tensions of carbon 
dioxide on each fluid, both the hydrogen-idn concentration and also the 
total carbon dioxide content. From these values our knowledge of the 
total carbon dioxide content of the fluid in the body enabled us to 
deduce, by a small inter- or extra-polation, the carbon dioxide tension 
and reaction of the fluid as it existed in the living subject. In some 
cases we estimated the total alkali reserve of the fluid by titration with 
N/ 10 hydrochloric acid, using dibromorthocresolsulphonphthalein as an 
indicator, after the method recommended by McG'lendon(iO). 

The results obtained with the specimens of fluid most fully examined 
are recorded in Table I. In each case the last line gives the total carbon 
dioxide content found in the fluid in the body and, enclosed in brackets, 
the estimated carbon dioxide tension and reaction in the body. 


Table I. 






Pa 



Mo, oi Case 

CO, tension 

Total CO, content 

r r 

A 

— 

Aliali 

Disci;-.' 

(ruin. H".) 

c e. 100 c.e. 

Observed 

Calculated Difference 

reserve 

I 

31-0 

39-3 

7-49 

7-48 

-•01 

0-031 >’ 

Syphilis of 

•no 

030? 

7-37 

7-40 

-•03 


the Cord 

(43-0) ? in body 

030 

(7-32)? 


— 


II 

21-1 

45-3 

7-5-1 s 

7-54 

-,■003 

— 

Tubercular 

41-7 

51-4 

7-28 

7-28j 

-r-003 


Meningitis 

(54-0) in body 

uo-2 

(7-18) 

. — - 

— 


III 

2D-y 

440 

7-41 

7-38, 

' - -025 

00225.' 

Syphiii* of 

54-3 

500 

7-13 

7-10 

—02 


the Cord 

(04-0) in body 

53-2 

(7-12) 

— 

— 
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The first point of interest which arises from these figures is the 
correspondence between the carbon dioxide combining power and the 
reaction of the fluids. Hasselbalchfii) has shown that in a solution 
in which the whole of the combined carbon dioxide is in the form of 
sodium bicarbonate, the p R of the liquid, the concentration of combined 
carbon dioxide (Bik.) and that of free (dissolved) carbon dioxide (C0 2 ) 
(which is proportional to the carbon dioxide tension) are related by the 
formula: , (Bik.) 

P n =JVi+ lo s-(Ccg' 

where p K is a magnitude involving the first dissociation constant of 
carbonic acid and the degree of ionisation of sodium bicarbonate in the 
solution. A curve of values of p Kt for various concentrations of combined 
carbon dioxide is given by Hasselbalch: using this, and assuming that 
the coefficient of physical solubility of carbon dioxide in the cerebro-spinal 
fluid is the same as that determined for the blood plasma by Bohr(ia), 
we have calculated the p n ’s of our specimens of cerebro-spinal fluid at 
the carbon dioxide tensions at which we examined them, and have so 
obtained the results entered in the column 5 of Table I. It will be seen 
that the differences between the observed and the calculated values of 
Pu are less than the experimental error in our measurements, with the 
possible exception of the second determination made on Specimen I in 
which our record leads us to suspect that the carbon dioxide estimation 
has given too high a value. We conclude, therefore, that the fundamental 
assumptions underlying the application of the Hasselbalch formula 
are justified in the case of the cerebro-spinal fluid, and that the whole 
of its combined carbon dioxide is in the form of sodium bicarbonate. 
Tho same has also been shown to be true of blood, but in blood the 
factors are complicated by the difference in the carbon dioxide com- 
bining powers of the corpuscles and the plasma, so that in this case the 
application of the Hasselbalch formula leads to values of which 
are consistently lower than those actually observed (Donegan and 
Parsons(l3)). 

The question next arises as to whether the cerebro-spinal fluid be- 
haves towards changes of carbon dioxide tension in the same way as a 
plain sodium bicarbonate solution, or whether its properties are modified 
in any way at all similar to that which is so well marked in the blood 
by tho proteins and phosphates it contains. In order to decide this we 
have, in Fig. 2, compared the reaction changes we have observed in our 
specimens of tho fluid with those occurring in 0-02 and 0-03 H sc' 
tions of sodium bicarbonate. These latter curves have ’ 
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from Hasselbalch’s data(ii) by one of us on a previous occasion 
(Parsons(i4>). 

An examination of this figure shows that the reaction changes oc- 
curring in all three specimens of the cerebro-spinal fluid with increasing 
carbon dioxide tension, are all somewhat more gradual than the corre- 
sponding changes in the sodium bicarbonate solutions, but are much 
more pronounced than those occurring in normal blood, the curve for 
which is also reproduced in the figure (Parsons(D)). 



Fig. 2. Comparison between the reaction changes in blood, cerebro-spinal ■ 
fluid and bicarbonate solutions. 

O = experimental determinations on sample I, 

+ — », » 11 , 

□ — ,» ,» „ III. 

I, II and III, represent the conditions of the respective fluids in the body. 

Results and Conclusions. 

The cerebro-spinal fluid is therefore slightly more efficiently buffered 
than the bicarbonate solutions, but not to an extent at all approaching 
that exhibited by the blood, in fact the curves for the cerebro-spinal 
fluids tend to intersect that for the blood, thus confirming Milroy s 
statement that the fluid is more alkaline than the blood only at l° v ’ 
carbon dioxide tensions. There are, then, small quantities of substances 
in the cerebro-spinal fluid which slightly increase its buffer elficienc} 
above that of a sodium bicarbonate solution of the same alkali reserve. 
It is probably the smallness of the concentration of such substances in 
the cerebro-spinal fluid which accounts for the fact that Mott(3) cs- 
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perienced greater difficulty in pumping off its carbon dioxide by heating 
in a vacuum, than was observed in the cases of lymph and serum, in 
which the proteins present act as weak acids and expel a larger fraction 
of the carbon dioxide content. But it is only from whole blood that 
the carbon dioxide can be driven off completely in this way. 

On further reference to Table I, it will be seen that the carbon 
dioxide tension in the fluid in the body is in each case considerably 
higher than that in the normal arterial blood, and that similarly the 
reaction is distinctly less alkaline, the p u of normal arterial blood being 
in the neighbourhood of 7-40 (Donegan and Parsons(i3)). Further, 
on comparing our results with those of the previous workers on this 
subject, whom we mentioned in our introduction, it will be seen that 
we have observed a less alkaline reaction of the cerebro-spinal fluid than 
they. Wo regard this as being due to the circumstances that we have 
taken rigorous precautions to estimate the reaction of the fluid with its 
normal content of carbon dioxide by adopting the technique we have 
described, and also that we have carried out estimations at body tem- 
perature. It follows from Hasselbalch’s results(Ji) that the ]i n of 
a sodium bicarbonate solution containing dissolved carbon dioxide is 
diminished by 0-10 when it is warmed without loss of gas from 18° C. 
to 38° C., for under these circumstances the value of the terra 
remains unchanged, while the value of p E[ is diminished by this amount, 
and we have shown that in the cerebro-spinal fluid itself we are dealing 
with such a carbonic acid-bicarbonate system. In fact our results agree 
most closely with those of Milroy(8), whose technique most nearly 
resembles our own. 

This paper forma a report to the Medical Research Committee. Our measurements 
were made with apparatus provided out of a grant to ono of us (T. R. P.) from the 
Government Grant Coramittco of tho Royal Society to whom we express our thanks 
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THE RELATION OF THE ANIMAL CELL TO ELECTRO- 
LYTES. II. The Adsorption of hydrogen ions by living cells. 

By J. GRAY, M.A., Fellow of King’s College , Cambridge. 

Under normal conditions the egg of the Trout lives in whter containing 
a very low concentration of electrolytes: the egg itself, on the other 
hand, has been shown to contain a much higher electrolytic content 
(Gray(3)). The following experiments were performed in order to study 
the possible uptake of electrolytes when the eggs are exposed to such 
substances in abnormally high concentrations. 

At the present moment positive evidence of such an absorption has 
only been found in the case of the hydrogen ion and the hydroxyl ion. 
When normal eggs are exposed to very weak solutions of inorganic acids, 
it is simple to show that a very considerable amount of hydrogen ion 
is removed from the solution. If a few eggs are placed in 10 c.c. of 
distilled water containing sufficient hydrochloric acid to give a bright 
red colour 'with methyl orange, the reaction of the water rapidly changes 
until a distinct alkaline reaction is obtained with the same indicator. 
In an experiment in which 100 eggs were placed in 40 c.c. of -005N HCI 
the reaction to methyl orange changed in half-an-hour from bright red 
to yellow, indicating a change in the concentration of hydrogen ion to 
about P H 4. That these changes are not due to the normal production 
of such basic substances as ammonia, is shown not only by the subse- 
quent experiments, but also by the fact that the normal evolution of 
ammonia by such an amount of eggs in half-an-hour is totally inadequate 
to account for the change in the hydrogen ion concentration of the 
solutions. 

In a very large number of experiments the amount of hydrogen > 0I | 
removed from solution was estimated volumetrically by means o 
standard alkali. All the experiments gave clear evidence of a decreas- 
in the hydrogen ion concentration effected by the living cells; the 
following may here be given as examples (cp. also Table IV). 

Data of considerable importance were obtained by estimating { - 
reduction in the acidity of the solutions by a measurement of then 
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.Table I. 


Amount of acid present in the solution 
in terms of standard alkali (N/150 NaOH) Reduction in amt. 

, * , of acid caused by 

c.c. of acid Before addition One hour after the eggs (estimated 
No. of eggs used of eggs addition of eggs volumetrically) 


60 

40 

30-4 

16-4 

60 

40 

84-8 

60-0 

95 

40 

57-3 

35*1 

86 

40 

28-2 

10-8 


14-0 

24-8 

22*2 

114 



Fig. 1. Chango in conductivity of 40 c.c. ’003N (approx.) hydrochloric acid solution 
when in contact with 200 unfertilised eggs. 


Fig. 2. Rato of chango in conductivity of 0*7 c.c«- HC1 solution produced by presence of 
one egg. (Note — Tho conductivity values in this experiment are comparable to 
those in Figs. 5 and 9-11 but not to those of other figures.) 


electrical conductivity. Kg. 1 aliowa graphically the changes produced 
in the conductivity of 40 o.c. of *003 N HCi by the presence of 200 un- 
fertilised eggs of tho Rainbow Trout. It is quite clear that the eggs 
produce a marked change in the constitution of the acid solution and 
that the rate of this change rapidly falls off after the beginning of the 
experiment. A similar change has been observed by Miss Hind(<5> in 
the case of vegetable tissues exposed to mineral acids. We can assume 
at tho moment that these experiments confirm the conclusion that the 
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hydrogen ion concentration of the external medium is reduced by contact 
with the living eggs. 

By means of a special conductivity cell, which was very kindly lent 
to me by Prof. V. H. Blackman 1 , it was possible to observe the ab- 
sorption of hydrogen ion by single eggs from very small quantities of 
solution. It will be seen from Pig. 2 that similar results were obtained 
to those of the preceding experiments. 

Neither the electrical nor the volumetric data alone, however, afford 


r 



Fig. 3. Clmngo in conductivity of hydrochloric acid solutions during neutralisation, 
and during progressive dilution. 

Fig. 4. Change in conductivity of acetic acid solutions during neutralisation, and 
during progressive dilution. 

evidence to show whether (1) the acid is actually absorbed by the cells, 
or (2) neutralisation takes place by an exosmosis of a base from the 
cells, or (3) there is an interchange of a metallic ion from the cells with 
the hydrogen ion of the solution. It is true that the nature of the curve 
iu Pig. 1 indicates that the process is not a simple diffusion of basic 
excretory products, since the reaction changes its velocity in such a 
marked manner. Important information is obtainable by a correlation 
of the electrical and volumetric data. 

1 Figured by him in Annals of Botany , 32, p. 09. 1915. 
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When an acid is neutralised by a base, the nature of the change in 
the eleotrical conductivity differs from that caused by a progressive 
removal of the complete acid molecules. In the case of a strong acid 
such as hydrochloric acid, neutralisation by such a base as sodium 
hydroxide produces a uniform fall in electrical conductivity until neu- 
tralisation is complete (Fig. 3); if more base is then added the conduc- 
tivity rises uniformly with increasing concentration of free hydroxyl 
ions. Fig. 3 also exhibits the fact that if the acid is removed as complete 
molecules, the conductivity also falls regularly until it becomes practi- 
cally zero on the total removal of the acid. It is obvious, however, that 
the fall in conductivity produced by the removal of a complete molecule 
of acid is greater than that produced by replacing one hydrogen ion by 



Fig. 5. Rato of change in conductivity of 0*7 c.c. N/10 acetic acid solution produced 
by the presence of one egg. 

Fig. 6. Effect of potato tissue on the conductivity of acid solutions (compiled from 
Hind’s data). 

one sodium ion. In the case of weak acids a totally different series of 
changes takes place. Fig. -f shows the effect of neutralisation and of 
absorption of acetic acid. It will be observed that neutralisation ulti- 
mately causes an enormous increase in the conductivity, whereas ab- 
sorption causes a fall along a definite unbroken curve. The nature of 
the complex curve produced by neutralisation is readily explained by 
the ionic hypothesis and need not be considered in detail. A means is, 
therefore, available for a further analysis of the effect of living cells 
on acid solutions. 

Unfortunately prolonged experiments on eggs with acetic acid of 
satisfactory dilutions for electiical measurements are impossible owing 
to the toxicity of the solutions. Fig. 5 shows that the changes produced 
in the conductivity are radically different to those produced in hydro- 
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When the same quantity of eggs are allowed to come into contact with 
equal volumes of acid of varying concentrations it is found that the 
total amount of hydrogen ions removed from solution depends upon 
their concentration in the original solution. In the following table three 
such experiments are recorded. 


Table IV. 

Exp. 1. 00 eggs in 40 c.e. of solution: 


Original amount Final amount 

Amoupt of H' 

of H- 

of H* 

removed by eg' 

7-0 

0-5 

7-1 

9-fi 

1-4 

8-2 

12-0 

2-4 

10-2 

190 

8'0 

no 

eggs in 40 c.c. of solution: 

9-6 

3-2 

6-4 

18-8 

8-7 

10-1 

26-2 

12-8 

13-4 

39-2 

23-7 

15-5 

eggs in 40 c.c. of solution: 
9-7 

2-1 

7-6 

19-4 

5-9 

13-5 

25-4 

9*6 

15-8 

39-2 

13-9 

25-3 

540 

17-3 

36*7* 

78-4 

36'8 

41*6* 


Eggs showed signs of being unhealthy after the experiment. 




Fig. 7. 


Fig. S. 


Fig. 7. The relation between the amount of acid taken up by 100 eggs and the 
concentration of the final solution. 

Fi". S. The relation between log x and log C in an experiment with 100 eggs. 


Fig. 7 shows graphically the relation between the amount of acid 
removed by equal quantities of eggs and the amount of free acid left in 
solution after equilibrium has been established. An analysis of this and 
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similar curves shows that the distribution of the hydrogen ions between 
the eggs and the solution obeys the usual adsorption equation L— a .C» 
or whero m is constant log x = i . log 0, where x is the amount adsorbed, 
m is the quantity of absorbent, C is the concentration in the solution after 
equilibrium has been established, and where a and n are constants. Fig. 8 
shows that i is practically constant; it varied in different experiments 
from •445—632. Figs. 9 and 10 show that experiments with single eggs 



Fig. 9. Tho amount of acid taken up by single eggs from acid solutions of varying strength. 

(Note. The numerical figures arc not comparable to those of preceding figures.! 

Fig. 10. The relationship between log x and log G in on experiment with single eggs 
(illustrated in Fig. 9). • Experimental figures, x Figures taken from experimental 
curve. 

gave similar results, although in this ease the amount of hydrogen ion 
adsorbed was measured electrically. 

In a typical case of adsorption the ion or substance adsorbed dis- 
tributes itself as described above, and if the equilibrium of the whole 
system is upset by diluting the final solution with pure solvent, a definite 
amount of ion or substance goes into solution from the absorbents; in 
other words the reaction is a reversible one. At the same time the ease 
with which this reversibility occurs varies greatly in different cases. Li 
the case of living eggs adsorbed hydrogen ions are not given up to 
distilled water to any appreciable extent. There is, however, evidence 
that hydrogen ions arc given up to solutions containing hydroxyl ions. 
Tho experimental evidence is not, perhaps, altogether conclusive since 
it ha3 been shown that normal eggs absorb hydroxyl ions (see Fig. 11). 
In the following experiments (see Table V) titration was carried out as 
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quickly as possible. An obvious excess of hydroxyl ions was not allowed 
to come in contact with the eggs, and since methyl orange was used as 
an indicator the results obtained can hardly be due to such a cause. 
The procedure adopted was as follows: eggs washed in distilled water 
were placed in 40 c.c. of acid of known strength. After one hour 30 c.c. 
of solution were removed and titrated; the remaining 10 c.c. were titrated 
in the presence of the eggs. It was noticeable that in the latter case the 
reaction of the indicator was very slow if the critical concentration of 
alkali was approached slowly, by adding the latter drop by drop. If 
sufficient alkali was rapidly added so as just to give an alkaline reaction. 



Fig. 11. Rate of change of 0-7 c.c, KOH solution produced by one egg. 


the red colour quickly returned, indicating a definite increase in hydrogen 


ion concentration. 


Total Total acid in 

initial add sol after 1 hr. 

38-2 23-2 

76-4 56-2 


Table V. 

Amt. of eqniv. Amt of alk. 

alh. reqd. to Amt of alk. reqd. tonentr. Equit. amt. 
Totalacid cent- 10C.C. reqd. to neotr. 10 C.C. final sot ofaddgtten 
adsorbed original sol 10 cc final eoL -T-egsa up bv egs* 

15-0 9-6 5-8 9-8 4-0 

20-2 19-1 14-0 26-2 12-2 

_ _ 9-5 23 0 13-5 


It would therefore seem that the adsorption of hydrogen' ions by the 
eggs is a partially reversible reaction. If we may judge by analogy of 
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the effect of such ions on other living cells, the reversibility of its action 
can be readily established (Gray(-i)). 

The fact that living cells react to acids by adsorbing the hydrogen 
ion and by giving out a corresponding amount of kations, provides an 
interesting explanation of the results obtained by Loeb(7) with the eggs 
of Fundulus 1 . When such cells are treated with potassium chloride 
solutions of toxic concentration, recovery can be effected by exposing 
the eggs to acids or to certain other salts. No recovery is produced by 
alkalies, distilled water, or by non-electrolytes. It is clear from Loeb’s 
experiments that the potassium ion is the toxic element, and the present 
series of experiments shows that such ions are readily replaced by the 
hydrogen ion; but are not given up unless some similar ion is available 
in the external medium. Loe"b describes the action of salts and of acids 
upon the cell as the production of a “membrane effect”: this term may 
now be defined as the establishment of an adsorptive equilibrium be- 
tween the ions of the salt and the constituents of the cell membrane. 
On this basis the whole of Loeb’s experiments are explicable. The 
behaviour of the eggs of Fundulus to acids and salts is essentially 
similar to such an adsorption process as is here described for trout eggs 
or to such a system as filter paper and Congo red (see Baylissp)). It 
should, perhaps, be mentioned that Michaelis and Rona(S) have shown 
that the hydrogen ion and hydroxyl ion are adsorbed to a much greater 
extent than other ions; and on the principle that a substance which is 
powerfully adsorbed will replace one which is less powerfully adsorbed, 
it is clear that the hydrogen ion and hydroxyl ion will readily substitute 
those which are normally attached to the cell. 

At the same time, the possibility of a definite chemical union between 
the various ions and the cell surface cannot be excluded. It is possible 
that the adsorption process is simply the precursor of such chemical 
union; or that the relation between ions and such complex radicles as 
the cell constituents is in itself a case of adsorption. 

It must not be forgotten that the equilibrium between the living 
cell and the hydrogen ions in the surrounding medium is probably 
established by means of the outer membrane of the egg. In compara- 
tively mature fertilised eggs the living embryo can be clearly seen within 
this outer membrane. If the toxic concentration of acid be determined 
for such^eggs and compared with that for newly hatched alevins, it is 
found that the latter concentration is verv much lower than the former. 

1 In a previous paper (3) it was pointed out that in many respects tho eggs of the- 
trout and of Fundulus are very si mil ar. 
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The toxicity of acids to alevins is so great that their capacity, whilst 
alive, for adsorbing hydrogen ions cannot be determined. Consequently 
it must be regarded as probable that the adsorption of the ion is due 
to the outer membrane of the egg; a conclusion which is in accord with 
that of Loeb in his experiments with potassium chloride. The identical 
results obtained by Barratt with Paramcecium point to the conclusion 
that the relation of living protoplasm to acids is a reaction of essentially 
similar nature. 

Further theoretical conclusions would be out of place, but it is 
perhaps permissible to mention that the conception of the cell surface 
as a loose combination between some complex anion with such kations 
as potassium provides an explanation of a wide range of observed facts. 
It may also be suggested that a process of ionic adsorption may be 
one of the-means by which living cells take up electrolytes from dilute 
solutions, although they themselves contain a much higher concentration 
of such substances. 

Summary. 

1. When living trout eggs are exposed to dilute concentrations of 
hydrochloric acid, the hydrogen ion is taken up, but the concentration 
of chlorine ions in the external solution remains practically unchanged. 
To replace the hydrogen ions removed from the solution, a kation 
(possibly potassium) is given up by the eggs. 

2. The uptake of the hydrogen ion by the cell follows the laws of 
an adsorption process. 

3. The equilibrium between the external solution and the cell is 
apparently established by means of the outer membrane of the cell. 
This process constitutes L o e b 5 s “ membrane effect. ” 
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THE EFFECT OF VARYING THE HYDROGEN ION 
CONCENTRATION AND OF GUANIDIN SULPHATE 
ON THE EXCITABILITY OF THE NEURO-MYON OF 
THE FROG. Bv MARGARET H. GRANT, B.Sc., M.B., Ch.B. 

(From the Physiological Laboratory of the University of Glasgoto.) 

Part I. The Effect of varying the Hydrogen ion 
Concentration. 

Stearns and .Tannf.y in 1915(1) maintained that the symptoms of 
tetania parathvreopriva are due to an alkalosis, while McCann in 
1918(2) recorded some experiments which in his opinion showed that an 
alkalosis causes the symptoms of tetany. As shown by the investiga- 
tions of Noel Patou, Findlay and others (3) these symptoms are due 
to the action of guanidin and. methyl guanidin in stimulating the 
efferent neurones of the cord and in increasing the excitability of 
the peripheral neuro-museular mechanism, probably of the nerve 
endings. Experiments carried out in. this laboratory by Dr Morris 
have shown that an' increase in the alkaline reserve of the blood, brought 
about by the intravenous injection of sodium carbonate 1-9 per cent., 
are accompanied by an increase in the electrical excitability of the 
muscle nerve of the cat and dog. This, of course, is not necessarily due 
to a direct action of the alkalosis. 

As stated by BaylissW, neutrality means the concentration of the 
two ions H' and OH' as they are present in pure water, i.e. 1 x 10- 7 at 
25° 0. ; and any concentration of H ion less than this means alkalinity 
and any greater means acidity. 

The solutions used in the following experiments were different 
strengths of the acid and alkaline sodium phosphates (NaII 2 P0 4 and 
NajHPOj) and their C„ was determined by the “indicator” method, 
using the table compiled by Bayliss(4,p. 169). The fact that the sodium 
salt was used in both cases eliminates the possibility that any variation 
in their action might be due to variation of the basic radicle. 



82 


M. H. GRANT. 


inducing increased excitability is 10' 9 . It has already been found that 
when blood approaches a C u of 10~ 8 serious symptoms arise, and that 
when a C u of 10~ 8 is fully established death results. This at once puts a 
C H of 10~ 9 outside physiological limits, and goes to prove that variations 
of H ion concentrations within physiological limits have no effect on the 
organism in the way of increasing excitability. It is only when one 
goes beyond that on the alkaline side to a C u of 10 -9 that any increased 
degree of excitability is obtained, and then the conditions are incom- 
patible with life. 
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Part II. The Action of Guanidin Salts. 

In connection with the work done on the effect of variations of 
hydrogen ion concentration on the excitability of muscle stimulated 
through the nerve, it seemed of interest to study further the action of 
guanidin salts which Noel Paton and Findlay have shown first to 
increase and later to decrease the electrical excitability of the neuro- 
myon of the mammal. Meighan(i) has already recorded some work 
upon the subject but he confined his observations to its action in pro- 
ducing spontaneous twitchings in the skinned feet of frogs and to the 
onset of its “ curare ” action which he found ultimately to appear with 
concentrations as low as -02 p.c. Camis(2) also tested various strengths 
of guanidin chloride, but worked on (a) the muscle alone, and on ( b ) the 
denervated muscle. His results, however, on its action on excitability 
are not conclusive though he states that it may be in the direction of an 
increase or of a decrease. 

In the following set of experiments the sciatic-gastrocnemius nerve 
muscle preparation of the frog was used and the guanidin salt chosen 
was the neutral sulphate as in the work of Putzeys and Swaen(3). The 
tracings were obtained in exactly the same way as those of the previous 
set of experiments. A control set of contractions was first obtained by 
using -75 p.c. sodium chloride throughout. They resembled those given 
in Fig. 1 above in every detail. When a 1 p.c. solution of guanidin sul- 
phate was used there was no increase in excitability but rather a fairly 
rapid, decrease followed by the onset of the “curare” action described 
by Meighan(i) (cp. Fig. 5), 
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Records were then taken with a -5 p.c. and a -25 p.c, solution of 
guanidin sulphate. Both showed marked increased excitability and 
again towards the end' of each experiment the “curare” action made 
itself apparent (Figs. 6 and 7). 

Other two experiments were then carried through using '0625 p.c. 
and -0156 p.c. solutions respectively. The tracing in both cases resembled 
those taken in sodium chloride solution. 



Fig. 5. Fig. 0. Fig. 7- . 

Fig. 5. Contractions in 1*0 % guanidin sulphate. 

Fig. G. „ in 0 5 % to 0*25 % guanidin sulphate*. 

Fig. 7. „ in *125 % guanidin sulphate. This solution also gave a 

trace showing marked increase of excitability. 


Conclusions. 

1. Increased excitability was only obtained with three strengths 
of the solution, viz., -5 p.c., -25 p.c., and -125 p.c., this increase being 
followed later by a “curare” like effect. 

2. A greater percentage than -5 caused rapid onset of the “curare” 
action while a percentage less than T25 gave results resembling those 
in -75 sodium chloride. These results show some relation to those 
obtained by Camisg) on the contractility of muscle in that the action 
is depressing for high concentrations but is an exciting one for lower 
concentrations. 
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When a muscle is stimulated isometrically it passes gradually into a. 
new elastic condition: as stimulation is continued the elastic condition 
continues to change up to a certain limit, after which it remains con- 
stant; when stimulation ends, the muscle reverts gradually to its original, 
elastic state. Expressed in another way the muscle, on excitation, 
gradually develops elastic potential energy: as the excitation proceeds 
this potential energy reaches a constant value; when the exitation ends 
the potential energy disappears. Finally, in the presence of oxygen there 
occur certain recovery processes accompanied by an evolution of heat 
and restoring the muscle to its previous internal condition (i). These 
four stages, viz. the development of the mechanical response, its main- 
tenance and its disappearance, followed by the oxidative recovery from 
activity, will be referred to below as the four phases of muscular con- 
traction. The questions arise “how much of the total heat-production 
is to be associated with each phase and how is it distributed in time?” 
The experiments described in this paper represent an attempt to answer 
this question. The investigation arose originally from the simpler ques- 
tion, “what happens to the .potential energy of a muscle excited iso- 
metrically, when the muscle relaxes?” There are clearly two possible 
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answers: (i) that the potential energy, if not utilised in doing work, is 
re-absorbed more or less reversibly by the muscle for use in a subsequent 
contraction; or (ii) that it is degraded into heat by processes analogous 
(say) to leakage, diffusion or neutralisation. The experiments have 
decided in favour of the second alternative. With regard to the magnitude 
of the heat-production derived from the potential energy, it was sug- 
gested by previous work(2) that in an isometric twitch the potential 
energy was a comparatively large fraction of the total energy liberated 
in the earlier stages of contraction and relaxation, i.e. in the initial rapid 
processes as distinguished from those associated with oxidative recovery : 
if this were so then the heat liberated at the expense of potential energy 
during the irreversible processes of relaxation should also be a com- 
paratively large fraction of the total heat-production. This deduction 
also has been to some extent confirmed. During the development of 
tension in an isometric contraction both heat and potential energy are 
being produced by the muscle: during the maintenance of the tension 
(as in a tetanus) heat alone is being liberated: then apparently there 
comes a short gap during which no appreciable heat is liberated and 
the tension begins to fall off: next occurs a considerable evolution of 
heat derived from the potential energy lost in relaxation: and finally 
the onset of slow oxidative recovery processes leads to a further evolution 
of heat and presumably to the rebuilding of some chemical or physical 
system wmtemmg fraa energy available far subsequent contractions. It 
should be understood that the heat produced during and immediately 
after relaxation is in no way connected with that associated with these 
much slower processes of oxidative recovery: the former occurs to exactly 
the same degree in the absence of oxygen, and is a physical sign of the 
physico-chemical processes conditioning — or consequent on — relaxation 
itself, quite apart from whether recovery occurs or not. On the question 
of what the actual mechanism of relaxation is no direct light is thrown 
by these experiments: it is clear however that relaxation is accompanied 
by physico-chemical processes involving a production of heat in exactly 
the same way as the development and maintenance of contraction are, 
and this fact may help to direct us in our search for the actual details 
of the process. 

1. Description of apparatus and methods. 

A. Galvanometer. In following the complex course of the evolution 
of heat consequent on stimulation it is desirablo to employ instruments 
recording the rise of temperature with as little lag as possible. A certain 
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amount of delay necessarily arises in the communication of heat from 
the muscle to the thermopile, but with most galvanometers a much 
more serious delay results from the slow response of the galvanometer 
to the e.m.f. generated by the thermopile. It was desirable therefore 
to employ a galvanometer possessing the required “volt-sensitivity” 
and having as rapid a response as possible. The thermopiles employed 
in this work have a limited number of junctions and therefore a com- 
paratively low resistance, and it is unsatisfactory to employ a high 
resistance instrument such as an Einthoven galvanometer. The instru- 
ment employed was the large astatic Paschen galvanometer made by 
the Cambridge and Paul Instrument Company. This has been found 
extremely satisfactory (except for a periodic vibration which is some- 
times present) and has made the investigation fairly Bimple. Our cordial 
thanks are due to the Cambridge and Paul Company for their continual 
courtesy and help in the various alterations we have made in the 
instrument. 

The instrument ia of the moving magnet type, the 26 magnets being arranged aatatieally 
in two groups of 13 at the opposite ends of a fine glass rod. The complete' magnet system 
with mirror weighs about 30 milligrams. In order to obtain increased sensitivity the four 
coil3 are wound with six sizes of wire, beginning at the centre with the smallest and finishing 
with the largest. The sensitivity increases as the square of the period, when the control 
on the magnet system is varied, and for long periods it is possible to read a photographic 
record of the galvanometer’s deflection to 10~ u ampere. Such a sensitivity is not required 
for these experiments but, by reducing it, it is possible to quicken the response until a 
dead-beat deflection complete in two or three seconds and readable to one part in 600 
is obtained when one millionth of a volt is put into the galvanometer circuit. The re- 
sistance of the galvanometer is about 12-3 ohms. 

It is necessary to render the instrument dead-beat, as otherwise the 
oscillations set up spoil the records. After some trials a very successful 
system of air-damping was adopted in which a fine aluminium vane 
about 3x2 mm. was fixed to the lower end of the magnet system. 
The damping is varied by bringing this vane more or less near to a small 
brass plate fixed to the face of one of the bottom coils, by tilting the 
whole galvanometer forwards or backwards by means of one of its 
levelling screws; the damping can thus, at any sensitivity other than 
a very high one, be adjusted so that the movements are just, and only 
just, dead-beat. 

It is desirable to shield the galvanometer from external magnetic 
fields in order to obtain as stable a zero as possible and freedom from 
disturbances. Two complete shields made of high permeability dynamo 
magnet steel were designed and ordered, but these have not yet been 
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received We have been forced therefore to employ one incomplete 
shield of soft iron (A, Fig 1) Since however the galvanometer is bemg 
used in the experiments described here at (for it) a relatively low sensi- 
tivity the lack of a satisfactory shield has not often been serious the 
disturbances caused by moving magnetic bodies or changing electno 
currents have been eliminated by taking sufficient care 

The illumination is carried out by means of a “4 volt” “half-watt” 



Fig 1 Photograph of apparatus employed* A, galvanometer in magnetic shield B, half- 
watt lamp in tube C, drum carrying sensitive paper D, cylindrical lens. E, shutter 
F» microvolt G, switch and resistance box H, \ acuum flash containing thermopile 
K, resistance box in stimulating (and warming) circuit L, leads of 25 \ olt a c 
circuit M, potentiometer N, Lucas contact breaker P, third arm working time 
signal. Q switch to shutter S, accumulator working shutter 

Osram lamp (B, Fig 1) used with as high a current as it will safely 
take This lamp is as good as the Nernst filament lamp, is much easier 
to procure and use, and uses much less power The condenser in front 
of the lamp is covered over entirely with tin except for a narrow \ ertieal 
slit, and the image of the slit, after reflection from tho galvanometer 
mirror, is focussed on to a horizontal drum (C, Fig 1) and condensed to 
a spot by a cylindrical lens (D, Fig 1 ) This spot records the mov ements 
of the galvanometer photographically on a strip of sensitive bromide 
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paper carried on the drum. The light from the lamp is momentarily 
interrupted every 1 sec, by a shutter (E, Eig. 1) carried on an electro- 
magnet actuated by a Brodie clock. This system has the advantage that 
the time marks occur on the record itself and thus several records can 
be taken on the same strip of paper without confusion. In order to 
prevent the magnetic field of this electromagnet from disturbing the 
insufficiently shielded galvanometer, the electromagnet in all the later 
experiments was shielded by two soft iron cylinders. The movement of 
the surface of the drum was about 21 cm. per sec. when it was required 
to analyse the heat-production in the initial stages, but about 1 cm. 
per sec. when a determination of the recovery heat-production was 
required. The paper used was 8 cm. wide. 

The galvanometer, all its leads, the tables and all the instruments 
upon the tables are carefully insulated from the ground and from one 
another and the observer stands upon an insulated board. These pre- 
cautions are necessary in order to avoid electrostatic or other disturb- 
ances caused by a leak of current into the galvanometer. 

An arrangement in a box (F, Fig. 1) is provided by which an e.M.f. 
of one microvolt can be thrown into the galvanometer-thermopile circuit 
in either direction in order to test the volt-sensitivity of the combination, 
the degree of damping or the rapidity of movement. 

A switch and resistance box (6, Fig. 1) was constructed by Messrs 
W. 6. Pye with copper contacts and terminals (to avoid thermo-E.M.F.’s) 
and manganin resistances: by turning two vulcanite handles any desired 
connections can be made with the galvanometer and any desired resist- 
ance can be put into the combined circuit. The drum is driven by a belt 
passing to a Palmer motor, placed as far as possible from the galvano- 
meter in order to avoid magnetic disturbance of the latter. The room is 
darkened and illuminated by a red electric lamp. In this way the whole 
of the experiment can be conducted in the dark room and no precautions 
to prevent fogging of the paper need -be taken. 

B. Thermopile and muscle chamber. The thermopile employed in the 
majority of the experiments recorded here was the one shown photo- 
graphically in Fig. 2, A, B, C and D, and diagrammatically in Fig. 3. 
It was constructed by one of us (W. H.) on an ivoride frame with wires 
0-20 mm. in diameter of gold and nickel, soldered with silver solder. 
Gold and nickel couples provide a thermo-E.M.F. of about 24 microvolts 
per 1° C., while constantan and iron couples give about 52 microvolts 
per 1° C. The specific resistances however of gold and nickel are much 
lower than those of constantan and iron and the lower resistances partly 
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muscles. The thermopile carries its own stimulating electrodes (A and B, 
Fig. 3); the electrode B is a single platinum wire intended to pass be- 
tween the extreme pelvic ends of a pair of sartorius muscles attached 
to one another at the bone; the electrode A is a spiral coil of platinum 
wire through which the two sartorius muscles pass and on which they 
press firmly so as to make good electrical contact [this is necessary in 
order to ensure regular results in the control curves obtained by heating 
the muscles]. The coil is shown round the muscles in Fig. 2, C and D. 
The leads to the electrodes and to the thermopile are carefully insulated 
throughout — the platinum electrodes are the only exposed metal in the 
whole apparatus — and pass to insulated copper wires. 

The thermopile is mounted in a vulcanite chamber, milled out from 
a solid piece of vulcanite, and held in position by a single ivoride bolt 
and nut. The chamber is provided with a vulcanite cover held on by 
six screws by means of which it is rendered air-tight. It iB also provided 
with two rubber tubes through which to pass in or out oxygen, nitrogen. 
Ringer’s solution, or any other gas or liquid required. At its lower 1 end 
it is provided with a movable ivoride rod which is held in a hole through 
the chamber by a screw, and to which is screwed a clamp holding the 
muscles. The sartorius muscles of a" frog are dissected out and left 
connected to the bone at the pelvic end. The bone is inserted in the 
clamp (shown at C, Fig. 3 and in Fig. 2, C and D) and held in position 
by two small ivoride screws passing into the spherical cavities in it. 
The clamp is then placed in the chamber below the thermopile and the 
rod screwed, into it. The muscles are then adjusted to lie accurately 
along the hot junctions one on each side of the thermopile, their ends 
are passed through the electrode A and the threads to their ends either 
tied firmly to the frame of the thermopile or passed up through the 
long metal tube shown in Fig. 2, A and C, to be connected to a lever or 
other means of recording the mechanical response. The cover is then 
smeared with vaseline, placed in position and screwed on. The whole 
muscle chamber containing the thermopile and muscle is then deeply 
sunk in water at any required temperature, or in a mixture of ice and 
water, contained in a large double-walled silvered vacuum flask (H, 
Fig. 1). The copper wires leading to (a) the thermopile and ( b ) the 
electrodes are then connected respectively (a) to the galvanometer 
(through the switch and resistance box G, Fig. I) and (6) to the stimu- 
lating apparatus K, Fig. 1, which will be described below. The water 


1 By “lower” is meant the end actually lower during the experiments, 
shown at the bottom in Figs. 2 and 3. ’ 


the end 
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long; the “cold junctions” lie on the ivoride alternately on either side, 
there being 50 junctions along each side. Its thermo-E.M.F. therefore is 
about 24 millivolts per 1 C., and its resistance is 5-8 ohms. The re- 
sistance of the galvanometer being 12*3 ohms the thermopile can provide 
about 0-000133 amperes per 1° C., so that assuming it to be possible to 
read the galvanometer to i0~ u amperes it would be possible to read a 
change of temperature to 7-5 x 10 _8 ° C. Such a sensitivity is not re- 
quired for these experiments, but by reducing the sensitivity of the 
galvanometer its rapidity of movement can be increased and the high 



Fig. 3. Diagram of thermopile, perspective and section across centre. A, spiral electrode. 

B, straight electrode to pass between pelvic ends of muscles. C, clamp to hold bone. 

sensitivity of the thermopile therefore is a great advantage in that it 
leads to a more rapid response. 

The wires are insulated thickly with shellac to form a solid mass of 
wires and varnish as shown in Fig. 2, A and B. In order to improve the 
insulation and to prevent the shellac from becoming “waterlogged” by 
contact with the wet muscle the thermopile is usually painted before 
each experiment with a coating of liquid (“medicinal”) paraffin. The 
frame of the thermopile haS a hole at its upper end (shown at the top 
in Figs. 2 and 3) through which to pass the threads from the ends of the 
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of the whole heat and the results both in time-relations and absolute 
quantity will be fallacious. IVe have carried out experiments on muscles 
bathed in liquid (“medicinal”) paraffin, in order to avoid the presence 
of gases, and since the paraffin is an insulator the control observations 
made by electrical warming are valid; we have not pursued the method, 
however, as it offered no serious advantages for the purpose in hand, 



Fig. 4. Normal pliotograpliio records of galvanometer response to rise of temperature Of 
muscle on thermopile. A, muscle stimulated while alive for 0*1 sec.; B, same muscle 
warmed after death for 0*1 sec. Note: the records begin at 0, the moment when 
tho stimulus was commenced. The short gaps in the records represent 1 sec. intervals 
from an arbitrary zero. The lines drawn across tho curves and numbered were drawn 
in afterwards to represent seconds and { seconds starting from the moment of stimu* 
lation. On examining the curves closely it will bo seen that A rises more slowly than 
B: this however is shown better on the superimposed records of Fig. 7. 

and the excess of paraffin appeared to act slightly unfavourably on the 
condition of tho muscle. 

The electrical insulation of the thermopile is very important. It is 
of course desirable, in order to ensure quickness of response, that the 
insulation of the thermopile should boas thin as possible; if the insulation 
be too thick the heat may take an appreciable interval to be conducted 
into the thermopile. Unless however the insulation be good the control . 
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inside the vacuum flask is then vigorously and continuously stirred by 
bubbling air through it from the compressed air plant. 

The development of the combined muscle chamber and thermopile 
described above makes it possible to avoid, practically completely, all 
the errors associated with differences of temperature at different points 
on the thermopile or muscle: the zero is rendered very stable for- long 
periods: it is possible to work at any desired temperature: and the 
muscles can be bathed in any gas or liquid required during the observa- 
tion. Thus a variety of experiments is made possible and indeed com- 
paratively simple which previously were liable to serious and sometimes 
to insuperable error or difficulty; such are for example: (a) all experi- 
ments in which the muscle is moved or is allowed to move over the 
junctions; (6) experiments on the effects of temperature or at tempera- 
tures other than that of the room ; (c) experiments, such as those on the 
recovery beat-production, in which a long continued stability of the 
zero is necessary; (d) experiments on drugs, salts or other dissolved 
bodies in which it is desirable that the muscle should be bathed in a 
fluid containing the required substances. 

In employing this combined chamber and thermopile it has usually 
been found to be the best practice, especially for the purpose of main- 
taining the condition of the muscle, to fill the chamber initially with 
Ringer’s solution of approximately the temperature required during the 
experiment and to blow this out with oxygen only after the chamber 
has been inserted in the vacuum flask. Nitrogen or air can be substituted 
for oxygen if required. If it be necessary to keep the muscle in the 
chamber for some time without using it, it is generally better for the 
muscle to fill the chamber with Ringer’s solution in the interval. Either 
there is something in the varnish, or the paraffin, or both, which is 
sometimes slightly deleterious to the muscle, or the favourable effect of 
Einger’s solution is due to its removal of waste products. After replacing 
the solution by gas it is necessary to wait for some time (e.g. half-an- 
hour) in order to obtain sufficiently uniform temperature conditions 
inside. In many experiments of course it is possible to carry out the 
whole series of observations while the muscle remains in the solution. 
This is not possible however in all those experiments in which it is 
necessary to compare the observations on the live muscle with control' 
observations carried out by electrical warming of the same muscle under 
the same conditions after death: for if the chamber be filled with a 
conducting solution the warming current will flow mainly through that 
solution, the heat liberated in the muscle will only be a small portion 
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the zero of the galvanometer. The heat-capacity of air is very low, so 
that the air in the chamber rapidly takes up the temperature of the 
walls: if however the chamber be filled with Ringer’s solution, the heat- 
capacity of which is high, it will take a long time for an equilibrium to 
be reached between the inside and the outside unless the initial tempera- 
ture of the solution is made very close to that of the water in the flask. 
The large vacuum flasks employed, when filled with some two litres of 
water, change their internal temperature only very slowly, and this slow 
change of temperature does not appear to cause any serious disturbances 
in the thermopile'inside the chamber. It is necessary however to ensure 
that the stirring of the water is adequate, as otherwise small differences 
of temperature will occur at different depths and such differences have 
been found to cause serious variations of the zero. The most Btable zero 
of course is obtained by working at an absolutely constant temperature 
of the water in the flask: such a constancy is obtained either (cf) by 
filling the flask with ice and water and working at 0° C„ or (6) by working 
at room temperature. It is possible however, without Berious trouble, 
to work at any temperature desired, say from — 5°’ C. to 30° C. 

In order to ensure the better heat-insulation of the chamber its 
connections with the outside of the vacuum flask, viz. the vulcanite 
rod and some cm. of the metal tube above it (Rig. 2, A and C), are im- 
mersed in the water. The tube passes through a Bolid wooden stopper 
which closes the mouth of the flask. 

"The heat conducting properties of the thermopile are of importance 
in relation to the type of experiment it is desired to perform with it. 
It was astonishing to us to find what little hindrance, relatively speaking, 
a comparatively heavy coating of shellac provides to the conduction of 
heat from the muscle to the hot junctions of the thermopile. Previous 
experiments with a Broca galvanometer had shown a considerably 
greater lag in the response to stimulation or worming, and we had 
attributed a large part of this lag to the slow conduction of heat into the 
thermopile: in this we were wrong as tbo substitution of a galvanometer 
with much more rapid movements considerably increased the quickness 
of response. It is clear however from a comparison of the thermo-electric 
records with those of the deflection obtained when ono microvolt is put 
suddenly into the galvanometer circuit, that a large part of tho lag now 
occurring is due to the thermopile. Thus if tho insulation can safclv 
bo made thinner a still greater quickness of response, with a cc 
improvement in the accuracy of tho anay " - SbU.li, 

Iso less potent than the thickness of ’ 
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observations, carried out as described below by electrical warming of the 
dead muscle, may be seriously disturbed and rendered quite useless by 
escape of tbe current into the galvanometer. A typical disturbed record 
is shown in Fig. 5 which should be compared with the normal records 
shown in Fig. 4. The current used is of course an alternating one and 
theoretically should not affect the galvanometer: unless however the 
contact between electrodes and muscles is very good a partial rectifi- 
cation of the current appears to occur (see also ( 3 )), and when the galvano- 
meter is reading to 10~ 9 amperes it is easy to understand that rectifica- 
tion and leak of an alternating current of 2 x 10~ 3 amperes, i.e. two 
million times as strong, may cause serious errors. The insulation of the 
thermopile can be aided therefore by ensuring that the electrodes make 
good contact with the muscles, and since we have adopted the spiral 
upper electrode shown in Figs. 2 and 3 (and have taken care to paint 



Pig. 6. Disturbed control record. Note the negative "kick” of the record at the moment 
of warming, 0. Thi3 negative kick is due to rectification and short-circuit through 
the galvanometer of the alternating current used in warming. It is avoided by more 
careful insulation of the thermopile. Its presence renders the record useless. 

the shellac with paraffin to prevent absorption of water) no serious 
disturbances as shown in Fig. 5 have been seen. Another reason for 
ensuring good insulation is that the apparatus is necessarily connected 
to a source of electricity during the stimulation or control warming of 
the muscle and this source may have an electrostatic potential which if 
the insulation be leaky, may confer an electrostatic charge on the 
thermopile and through it on the colls of the galvanometer with con- 
sequent serious and sudden disturbances of the records. The insulation 
of the thermopile has been assisted in this case by electrically “earthing” 
a certain terminal of the stimulating or warming circuit. 

The material — vulcanite — of which the chamber is made is a good 
nan-conductor of heat so that small temporary variations of the tem- 
perature of the water in the vacuum flask in which the chamber is 
immersed — if such variations occur — do not cause any disturbances in 
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per second was brought to our room on carefully insulated wires. These 
wires (L, Fig. 1) were connected through an ammeter to the ends of 
a spiral potentiometer (M, Fig. 1) constructed by Messrs AT. G. Pye so 
that an exactly known e.m.p. (approximately 25 volts) existed between 
the ends of the spiral. A moving contact enabled one to take off any 
desired fraction of the whole e.m.f., and this fraction, adjusted as re- 
quired, was used to provide the stimulating or warming current. The 
connections are shown diagrammatically in Fig. 6. The stimulating 
current passed from the potentiometer through a resistance box (in 



Fig. 0. Stimulating and wanning circuit. An accurately measured single-phase alternating 
current at about 25 volts is brought to the potentiometer, and any desired fraction 
of the e.m.f. is taken off and used for stimulating or wanning the muscle. When 
the key K, is closed and Kj open the current nm3 through the muscle. When K, 
is closed as well a3 Kj this current is short circuited by K x . In practice K x and K t 
are closed in order. Tho first arm of the Lucas contact breaker opens K t and allows 
the current to run through the muscle: the second arm opens Kt and stops the 
current. During the adjustable interval between the opening of Kt and K , tbe carrent 
^passes through the muscle. X is a small commutator-key enabling the current to be 
passed either way through the muscle, as desired. A resistance is kept in the re- 
distance box to prevent the short circuit key K x from absorbing too much current 
from the potentiometer. 


which 1000 ohms was always kept) to a pair of small switches X to 
which the leads from the stimulating electrodes in the »n« fe cumber 
were connected and returned to the potentiometer through a l=o&c- 
down key K ; . Another knock-down key K t was used as shown a i -t- * 
to short-circuit, when required, the current to the electrons-^ ^ 

An earth-connection was provided, as shown, to P rgy£ ~ : ‘ T ^f - . 
static potential in the transformer circuit from producing 53 5*^. 
charge on the cods of the galvanometer: the best post: 03 c 
connection was found by trial. 

PIT. LIV. 
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the character of the response of the thermopile, are the beat-conductivity 
and size of the wires composing it. If the wires be made very thin, or 
long, or of relatively badly conducting material (e.g. of cons tan tan-iron 
instead of gold-nickel) the heat will be conducted much more slowly 
from the hot to the cold junctions. There will be four consequences of 
this: («) the maximum deflection will be rather larger, as less heat will 
have been lost from the hot to the cold junctions, and there wall be a 
larger difference of temperature between them at the moment the 
maximum is attained: (6) the maximum deflection will be attained more 
slowly since the maximum is defined by a balance between the heat 
conducted in from the muscle and that conducted away to the cold 
junctions: (c) the deflection will decrease less rapidly after the attain- 
ment of the maximum as the heat will be lost more slowly: and ( d ) the 
zero will not be so stable, nor so rapidly attained, as equalisation of 
temperature will take place more slowly. 

In general therefore it may be said that, for convenience and ease 
of working, a thermopile with a high heat-conductivity, i.e. with rela- 
tively thick wires of good-conducting material, is the best: but that for 
recording the heat produced in long continued observations, as e.g. in 
an experiment on the recovery heat-production, a thermopile whieh 
loses the heat less rapidly will probably be more effective. It must he 
borne in mind however that for given metals and for a given number 
of junctions the lower heat-conductivity will be accompanied by a lower 
electrical conductivity, with a consequent reduction in the sensitivity. 

We have arranged with Mr Wm. Hamilton Wilson, M.I.E.E. of Bank Broadway, 
Kingston Hill, Surrey, to have these thermopiles made for sale, mounted in suitable 
chambers. They are being made by him by means of a new process which greatly 
diminishes the labour of construction and eliminates the need of soldering the junctions. 

C. Stimulating and ivarming arrangements . In order to obtain con- 
sistent and regular results, to facilitate the calibration of the system in 
absolute units of heat and to obtain an alternating current of known 
period and simple form and at the same time strong enough to ensure 
that the muscle should be sufficiently warmed by it in a very short interval 
of time (0-1 sec.), a new type of stimulating and warming system was 
installed. After the necessary precaution of insulating all the tables, the 
apparatus and the observer, had been taken this proved accurate and 
very convenient in use. 

The 200-volt single phase alternating current of the Cambridge 
Electric Supply was connected to a transformer at a distant part of the 
building and an alternating current at about 25 volts and 90 periods 
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light momentarily every 1 sec. is connected to the switch Q by which 
it can be put into the circuit made up by an accumulator S and the key 
opeued by the arm P. In an experiment the switch is so placed that 
at first the light is cut off momentarily ever)' 1 sec. by the current sent 
from the Brodie clock: juBt before the stimulus (or warming) begins, t'.c. 
just before the key ,Kj (Fig. G) is opened, the switch is thrown over by 
hand so that the shutter is now closed by the current running through 
the accumulator and through the switch to be actuated by the arm P. 
A gap in the record therefore occurs. The arm P is adjusted so as to 
open its key at the Same moment as the key Kj is opened by its arm 
thereby causing the shutter to withdraw and to allow the record to 
start again at precisely the same moment as the stimulating (or warming) 
current begins to pass through the muscle. In this way the record, as 
shown in Fig. 4, consists of (i) a straight line, with uniform time marks 
on it, constituting the base line; (ii) a short gap formed by the shutter 
being switched over into the auxiliary circuit; and (iii) the record of 
the rise of temperature, starting automatically and accurately at the 
moment when stimulation (or warming) begins. 

As soon as the key is broken by the arm P the shutter is switched 
back into the circuit of the Brodie clock, and the time signals begin 
again. With practice the interval during which the shutter is switched 
into the auxiliary circuit becomes very short, of the order, say, of J sec. 
so that only one of the 1 sec. marks is lost. 

The observer working the stimulating (and warming) arrangements 
is situated some 4 metres from the galvanometer so that his movements 
cause no magnetic disturbance to the latter. The motor driving the 
drum is started some time before a record is taken, so that the magnetic 
field produced by turning on the current in it has no effect on the record. 
The drum is started about 4 seconds before the stimulus (or warming) 
begins by pulling a string and thereby releasing a catch. When the 
long-continued heat-production of recovery is not required, four records 
are usually made on the same sheet of bromide paper, by arranging 
for the drum to start from each of four standard positions of the 
catch. 

In order to ensure that the record is made properly on the bromide 
paper, that the light is suitably adjusted and the spot of light at an 
appropriate position at the start, it is usual for a second observer to 
stand near the drum and to watch the excursion of the spot of light. 
Similarly if a simultaneous record of tho mechanical response is being 
made another observer may work the recording arrangement near the 

7—2 
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The duration of the stimulus (or warming) was determined by the 
use of Keith Lucas’ revolving drum (N, Fig, 1) carrying two movable 
arms which opened the two electric keys (Kj and K 2 , Fig. 6) at a definite 
interval of time. The key K l5 until opened by the appropriate arm, 
short-circuited the stimulating (or warming) current; the resistance of 
1000 ohms in the resistance box prevented this short-circuit from ab- 
sorbing much current from the potentiometer, which had a total re- 
sistance of only 33*3 ohms. The second key K 2 when closed allowed the 
stimulating (or warming) current to pass and when it was opened the 
current stopped. In the measured interval between the opening of K x 
and the opening of K 2 the current passed through the muscle. 

Calibration. The resistance of the muscle, when required for a quanti- 
tative calibration, was found as follows: the method has the great 
advantage that the resistance is found for the actual current traversing 
the muscle in the calibration experiment. The movable contact on the 
potentiometer was set to any required value, the current was passed 
through the muscle (assumed dead) for any desired interval and the 
galvanometer deflection caused by the heating of the muscle was noted. 
The contact on the potentiometer was now moved so as to give twice 
the e.m.f., the current was passed for the same interval and the re- 
sistance in the resistance box was adjusted in successive trials until the 
reading of the galvanometer was the same as before. As there is now 
the same current as before the resistance of the combined circuit must 
have been doubled: thus, if the unknown resistance of the muscle be R, 
and 1000 ohms was originally in the resistance box, the resistance added 
must be R + 1000 and hence R is determined. 

The two principal advantages of this method of determining the 
resistance are: (a) no telephone, nor Wheatstone’s bridge, nor other 
extra equipment is necessary; one employs merely instruments already 
provided for the experiment; and (b) the resistance of the muscle does 
not precisely obey Ohm’s law: consequently, for accuracy, it is necessary 
to find the resistance for the same current as was used in warming the 
muscle. This being done it is possible to calculate accurately the heat 
liberated in the muscle from the formula EH/ 4*18 R calories. 

Time signals, in the observations necessary for the investigation 
described here it is essential to record precisely on the photographic 
tracing of the deflection of the galvanometer the moment at which the 
stimulus (or the warming of the muscle) began. This is done by means 
of a third key actuated by a third arm (P, Fig. 1) on the revolving 
drum. The electromagnet working the shutter E which cuts off the 
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matical analysis as to be practically impossible. On the other hand, 
without any analysis at all, the differences between the records produced 
by a live muscle stimulated at 0° C. for 0-1 sec. and those produced by 
the same muscle after death and warmed for 0-1 sec., made it clear in 
a general way that a considerable amount of heat was liberated by the 
live muscle' some time after the stimulus was applied (see Fig. 7). The 
accuracy of the records left no kind of doubt on this point, but for a 
more exact statement of the phenomena some form of analysis was 
required. Fortunately one special property of these curves was found 
to make the analysis of them possible, and it may be said in general 



Fig. 7. Superimposed curves of galvanometer deflection, plotted on tho same scale of 
max. = 100 p.c,, taken from the same muscles under the various conditions noted. 
It is seen that tho heat is given out appreciably more slowly by tho live muscle 
stimulated for Q-l sec. than in the dead muscle warmed for 0*1 sec.; while the heat 
is given out oven nioro slowly in the live muscle stimulated for 1*2 secs. For an 
analysis of these records see Fig. 9. 

that from any record with the aid of a control curve the actual course 
of the heat-production may he calculated up to any stage desired, and 
with a fair degree of certainty. 

Tho special property of these curves upon which the method of 
analysis depends is similar to that possessed by curves representing 
sound waves, tides or other periodic vibrations: viz. that the complex 
curve can be constructed out of a number of simple curves of tho same 
typo and differing only in amplitude, frequency and phase. In the case 
of our galvanometer records, if we regard tho “fundamental curve” for 
any given muscle, thermopile and adjustment of the galvanometer as 
being that given by an instantaneous hea ting -ofJthe. piusclo (actually 



100 


A. V. RILL AND W. HARTREB. 


muscle chamber. The whole of the experiment can, however, if required, 
•be managed and worked by one observer. 

In dealing with the very sensitive galvanometer used in these experi- 
ments and in employing a relatively strong alternating current in the 
room, it is necessary to take the utmost precautions to prevent leakage 
of the current into the instruments. For this purpose the instruments 
were very carefully insulated on paraffin or vulcanite blocks, the ob- 
server was insulated from the floor, and he never touched any part of 
the circuit directly with his fingers during an experiment. 

A vibration of the magnet system of the galvanometer of fairly 
regular period (0-8 sec.) is sometimes, for weeks on end, of sufficient 
amplitude to destroy the accuracy of photographic records; we have 
not been able to elucidate the mystery of this vibration, and have been 
able to work only in its absence. 

In order to obtain axes of reference on the photographic record, the 
drum is revolved against a fixed pencil to give a line round it, and the 
spot of light is made to record a line across the paper by moving the 
control magnet. 

D. The analysis of the records . If the photographic records of the 
deflection produced in the galvanometer by the rise of temperature of 
the excited muscle be examined it will be found (see Fig. 4) that they 
start off horizontally, bend round gradually, reach a maximum in a few 
seconds and then return more or less slowly to the original base line. 
During the later stages the movement is so slow that the displacement 
from the base line probably represents, fairly accurately, the difference 
between the temperature of the muscle at the moment and its original 
value. In the earlier stages however the deflection at any moment does 
not represent at all exactly the rise of temperature of the muscle at that 
moment. If the muscle be warmed nearly instantaneously {e.g. in 0-1 sec. 
as shown in Fig. 4, B) the heat has first to be conducted through the 
insulation of the thermopile, the e.m.f. generated has to produce a 
current in the galvanometer and the magnet system, affected by its 
inertia, its control and its damping, has to respond. At the same time 
the heat is being lost by conduction, convection and radiation, the cold 
junctions of the thermopile are being warmed by conduction from the 
hot junctions and the whole system is gradually settling down to its 
original temperature. 

It might be, and it was at first, supposed that the complete deter- 
mination of the rate of heat-production from the photographic record 
would involve so many complex factors and such an amount of mathe- 
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would give a second curve, starting rather later, to which another control 
curve has to be fitted, the fit again being made as good as possible over 
the next small portion of the curve by adjusting the size and displacing 
the position in time of the control curve. The process is repeated, the 
fit being carried gradually along the whole length of the record by 
selecting control curves of appropriate size and position in time. The 
magnitudes and positions of these control curves, into which the record 
has been split up, are then plotted as rectangles standing on the appro- 
priate time base as shown in Figs. 9-1 1. Actually in practice the process 
is carried out numerically and not graphically. 

Several control curves (5 or 6 say) produced by heating the dead 
muscle for 0T sec. are made and from the mean of them is constructed 
a “control table" which is employed as described below in the analysis 
of the curves given by the live muscle. The method of numerical analysis 
is best explained by considering an example of the converse process, 
viz. constructing the curve of galvanometer deflection when known 
amounts of heat are evolved at known times. In Fig. 8 the curve C 
is the “control” curve in a certain experiment, this being the curve of 
galvanometer deflection, drawn to a scale with a maximum represented 
by 500, when a certain known quantity of heat, called for convenience 
a unit, is given to the dead muscle by on alternating current passing 
for a short time (0T sec.). Suppose that it is required to find the curve 
of galvanometer deflection when heat is given to the muscle in the way 
indicated by the rectangles in Fig. 8, viz. I, at time 0, 0-4 unit; II, at 
time 0-2 sec., 0-2 unit; III, at time 0-8 sec., 0-3 unit; and IV, at time 
TO sec., 0T unit. The procedure is as follows: the control curve is re- 
duced in height according to the heat given in each of the four cases and 
the four curves (numbered I, II, III and IV in Fig. 8) are drawn so that 
each starts from the base line at the point at which the corresponding 
amount of heat was given. The ordinates of the four curves at each 
time (or at sufficient times to define a good curve) are then added and 
the result is the curve A ; this curve, as it rises, lies considerably to the 
right of the curve C because in the latter case all the heat is given at 
the beginning while in the former case some of it is delayed so that its 
efieet is not felt until later on. It should be noticed that the curve A 
does not rise to quite the same maximum as the curve C although the 
quantity of heat given is the same in each case; this is duo to the curves 
I to IV having their maxima at different times. If the heat given in A 
had been distributed over a longer time than in the case . ” I : ’ ! 

curve would fall further below C, but it will be seen that 
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by a beating lasting for 0-1 see.) then the special property of these records 
is that, however complicated, they can be built up additively of a number 
of fundamental curves differing only in amplitude and phase. The 
properly is made clearer by reference to Fig. 8 where a record is shown 
built up of a number of fundamental or “control” curves corresponding 
in size and time to the small rectangles shown above them in black. 
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Pig. S. Curves to illustrate the method of analysis. C is a control curve given by electrical 
heating of the dead muscle for 0-1 sec. with 1 “unit” of heat. I is a similar control 
curve (obtained from C by diminishing the ordinates in the ratio 0-4 : 1) starting at 
timo 0 and corresponding to 0-4 unit of beat (rectangle I); XI a similar control curve 
starting at time 0-2 sec. and corresponding to 0-2 unit of heat (rectangle II); 
III a similar control curve starting at time 0-8 sec. and corresponding to 0’3 unit of heat 
(rectangle III); IV, a similar control curve starting at time 1-0 sec. and corresponding 
to 0-1 unit of heat (rectangle IV). A is then obtained by adding the ordinates of 
I, II, III and IV, and corresponds to 1 unit of heat distributed in time like the 
rectangles I, II, III and IV. 

which represent the quantities of heat produced in successive equal 
intervals of time. 

The task of analysing a record therefore is similar to that of resolving 
a- tide or a sound wave into its several sine-curves. The method, gra- 
phically considered, consists essentially of the following process. The 
first small portion of the record has to be fitted by a control curve, the 
“fit” being made as good as possible by adjusting the size of the control 
curve. The difference between the ordinates of the two curves, if plotted, 
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only a positive evolution of heat and (2) that the final result, as regards 
heat-production, should bo as smooth as possible, the latter should be 
taken; in such cases it is best as a general rule to subtract the less of 
two alternative sets; if this really happens to be less than should have 
been subtracted the discrepancy can be rectified by subtracting one of 
the smaller sets of numbers, starting at the same time, always avoiding 
negative results as far as possible. 

After the numbers for the curve 0-4 C, starting at time 0, have been 
subtracted from those for the curve A, the resulting numbers show at 
once that it is much better not to subtract any more of the rows of 
numbers starting at time 0, but the first few numbers correspond very 
closely to those for the curve 0'2 C starting at time 0-2 sec. ; in this case 
the first three numbers are completely wiped out and the remainder 
shows that there is no further evolution of heat until the time 0-8 sec. 

In practice, where there are usually many curves to be analysed by 
the same control curve, it "is worth the time to make a much more 
extensive “control table” than that shown above in the five rows of 
numbers from 0-5 C to 0-1 0 so that there is a wider choice and a 
better chance of getting a good fit at each stage as the work proceeds. 
It is also convenient to have this control table on a separate sheet which 
can be moved laterally relative to the numbers for curve A: in that 
case only the successive sets of remainders are written down. 

The interval between successive times in the analysis of the initial 
heat-production or of the heat evolved during relaxation has usually 
been taken as 0-2 sec. or J sec.; if the accuracy of the observations could 
be improved the interval might bo reduced to 0T sec. with advantage. 
For the recovery heat, which lasts several minutes, a suitablo interval 
for the analysis is about 0 seconds. 

Mathematically considered, the special property of these curves, 
which renders the analysis possible, depends upon the fact that all the 
processes, mechanical, physical and electrical, resulting from the warming 
of the muscle are governed by linear differential equations with constant 
coefficients and may therefore be dealt with, so to speak, additively. 
The extra deflection produced at any time by any quantity of heat 
liberated at any moment subsequent to stimulation is simply added on 
quantitatively to the deflection produced at the same time by any other 
quantity of heat liberated at any other moment. The mathematical 
proof of this need not be given hero, but an experimental proof of 
it for special cases is easily givon by liberating heat electri- 
cally in a muscle at any desired rate for any given period and 
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differ in maximum height by very little in the two cases (1) when the 
heat is given out rapidly; and (2) when the control curve is very flat 
after the maximum (this being so when the thermopile conducts heat 
very slowly between the hot and the cold junctions). This is important 
as it means that, in these cases, the maximum height alone of the curve A 
is sufficient to determine the total heat-production. 

In the consideration of the case which occurs in practice, viz. that in 
which the curves C and A are observed, ; and it is required to determine 
the evolution of heat which was necessary in order to produce the curve A, 
the procedure is not so simple. The curve A has to be broken up into 
a set of curves all of the same type as C and it is necessary to determine 
both their sizes and the positions of their starting points so that when 
their ordinates at each time are added the result will be the curve A. 
It is best to conduct the analysis numerically. 


Table I. 


Times (sees.)... 

0 

0-2 

0-4 

0-6 

0-8 

1-0 

1-2 

1-4 

1-6 

1-8 

2-0 

2-2 

2-4 

2-6 

2-8 

3-0 

C 

0 

1 

6 

29 

73 

131 

191 

254 

310 

358 

399 

432 

455 

473 

486 

491 

0-5 C 

0 

1 

3 

15 

37 

66 

96 

127 

155 

179 

200 

216 

228 

237 

243 

241 

0-4 C 

0 

0 

2 

12 

29 

52 

76 

101 

124 

143 

159 

173 

182 

189 

194 

19S 

0-3 C 

0 

0 

2 

9 

22 

39 

57 

76 

93 

107 

120 

130 

136 

142 

146 

14S 

0-2 C 

0 

0 

1 

6 

15 

26 

38 

51 

62 

72 

80 

86 

91 

95 

97 

99 

0-1 C 

0 

0 

1 

3 

7 

13 

19 

25 

31 

36 

40 

43 

45 

47 

49 

49 

A 

0 

0 

2 

13 

35 

67 

104 

149 

200 

251 

301 

348 

386 

418 

445 

465 

at 0 sec., 0-4 C 

0 

0 

2 

12 

29 

52 

76 

101 

124 

143 

159 

173 

182 

189 

194 

193 

subtract 

0 

0 

0 

1 

6 

15 

28 

48 

76 

108 

142 

175 

204 

229 

251 

267 

at 0-2 sec., 0-2 C 


0 

0 

1 

6 

15 

26 

38 

51 

62 

72 

80 

86 

91 

95 

97 

subtract 


0 

0 

0 

0 

0 

2 

10 

25 

46 

70 

95 

118 

138 

156 

170 

at 0-8 sec.. 0-3 C 





0 

0 

2 

9 

22 

39 

57 

76 

93 

107 

120 

139 

subtract 





0 

0 

0 

1 

3 

7 

13 

19 

25 

31 

36 

49 

at l'O sec., 0-1 C 






0 

0 

1 

3 

7 

13 

19 

25 

31 

36 

49 

subtract 






0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

9 


The first line shows the control curve C by its ordinates at every 
one-fifth second up to three seconds, this being sufficient to determine 
the heat- production during the first second or so. The next five lines 
show the same curve but the size reduced in a given ratio, as shown in 
the first column; the seventh line shows the curve A which it is required 
to analyse. The analysis is carried out by subtracting from the numbers 
corresponding to the curve A the numbers in any of the preceding lines, 
shifting these latter sets along to the right any number of places as may 
be required and continuing this process till the final result is as small 
as possible. 

At the beginning of the analysis it may seem doubtful whether tbe 
numbers of the A curve, near the start, are more like those of- 0-5 C 
or those of 0-4 C, but proceeding on the suppositions that (1) there is 
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devoted specifically to testing this point. The direct comparison of the 
curves made by the muscle (a) in oxygen and (b) in nitrogen is an 
extremely sensitive one, as no analysis of the records is required in 
order to allow us to assert that the two curves are the same; thus any 
possible error in the analysis is eliminated. Great care was taken in 
the nitrogen experiments to eliminate the oxygen completely by sweeping 
it out os far as possible with boiled Uinger's solution in which the muscles 
were allowed to rest for some time, then leaving the muscles for some 
time in nitrogen before making an observation, and lastly giving them 
(in most cases) a few" preliminary stimuli in order to assist them to use 
up any traces of dissolved oxygen. A mild degree of exercise not leading 
to appreciable fatigue does not appear to alter the type of the thermal 
response: advanced fatigue however does change it by diminishing the 
relative amount of heat liberated in the processes of relaxation. Muscles 
kept in nitrogen are readily fatigued and it is necessary therefore to 
avoid over-stimulating them. 

Initial heat-production in oxygen and in nitrogen. Protocol. 

Pair of wvrtoriua muscles of Frog. Thermopile and muscle-chamber kept at 0® C. in 
Dewar flash. Stimuli of short duration only were given, to avoid, os far ns possible, the 
effects of fatigue. 

The chambcr^was first filled with oxygen and stimuli of (H, 0 2 and Q-4 sec. given; 
the corresponding galvanometer deflections for various times read off directly from the 
photographic records and! reduced to the scale of maximum deflection =; 500 arc given in 
the following tabic and indicated by the symbol 0«. Each lino gives the mean of four sets 
of readings. The chamber was next filled with Jtinger’s solution from which the oxygen 
had been expelled by boiling; nitrogen was bubbled through for £ hour, and then the 
Ringer’s solution was blown out by nitrogen and the muscles left in nitrogen for 1J hours. 

Stimuli of 01, 0 2 and 0-4 sec. were then given and the photographic records of the 
galvanometer deflection corresponding to the heat-production obtained. To make it more 
certain that the -deflections were not affected by traces of oxygen remaining in the muscles 
the same stimuli were then repeated (the muscles remaining in nitrogen) and the results 
w'ero found to Ik* indistinguishable from those previously taken in nitrogen. The galvano- 
meter deflections for various times arc given in tho following table and indicated by the , 
symbol N s . 

To find the effect, if any, of moderate fatigue the muscles wero now given 30 stimuli 
of duration 1 sec. with intervals of 1 sec. The deflections for a stimulus of 0-4 see. were 
then recorded photographically and the result, indicated b 3 » the symbol N/, is shown in 
tho table (mean of two seta of readings). The samo process was repeated and the result, 
indicated by N t " f is shown in the table. 

Finally the muscles were killed with chloroform vapour and tho “controt” deflections 
recorded, these being due to giving tho muscles a known quantity of heat liberated fu 
0-1 sec.; theso deflections for various tunes arc shown in tho first line of the table (mean 
of four sets of readings). 

The last column of tho table shows the total heat-production in the first few* seconds 
(and thus does not include more than a very small portion of the heat evolved during 
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showing that the record so obtained can be built up from the 
appropriate control curves. An exact agreement between the cal- 
culated and the observed curves is then found, showing that the method 
of analysis is valid and that the special property of the curves exists as 
stated. 

There are of course limits to the accuracy and discrimination to be 
attributed to the analysis. In the ordinary way it is advisable to assume 
that the rate of heat-production follows as smooth a curve as possible 
and when the analysis yields a rather irregular curve to put a smooth 
curve through it and repeat the analysis. If it be found that the smoothed 
curve produces at least as good a fit as the original one the modifications 
necessary to produce the smooth curve may be accepted. Experience 
only will tell the investigator how far the details of the analysis are 
reliable in any given case: we have endeavoured however to exclude all 
experiments in which the results of the analysis did not appear reason- 
ably certain. 

2. Experimental results. 

The present part of this paper deals only 'with the heat produced 
during the first few seconds after excitation and is confined to the case 
of tetanic stimulation, for periods of 01 to 6'0 seconds, of the sartorius 
muscles of the frog (Rana temp.). It is ciearly desirable to repeat the 
investigation on other and more slowly moving muscles and we hope 
to do this later. The experiments have been carried out at various 
temperatures, in oxygen and in nitrogen, and under various conditions 
of fatigue. 

The first important point brought out by these experiments is that, 
provided that advanced fatigue be avoided, no difference can be 
discerned in the initial stages of the heat-production between 
muscles kept in oxygen and muscles left for a long time in 
nitrogen . It is known, and in experiments performed recently we have 
amply confirmed, that in the later stages there is a considerable difference 
in the heat-production according as the muscles are kept in oxygen or 
nitrogen; this difference is attributed to slow oxidative recovery pro- 
cesses possible (at least to their full extent) only in the presence of 
oxygen by which the muscle is restored in some manner to its previous 
condition. 

Oxygen however has no effect whatever on the initial heat-produc- 
tion. It is not necessary to give all the evidence in detail as it is negative 
in kind and we will include below only an account of one experiment 
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work, e.g. that of Weizsiicker(-t): it seems however to be established, 
more or less finally by the above, and other similar, experiments. 

The experiment shows also that the character of the initial heat- 
production is uninfluenced by a moderate degree of activity, even in 
the absence of oxygen. Thus successive breakdowns of the muscle sub- 
stance, occurring in successive contractions, follow the same time-course 
so far at any rate as the liberation of energy is concerned and so long as 
undue fatigue is avoided. 

The next important point brought out is that at low temperatures, 
such as 0° C., where the processes of contraction and relaxation are 
very much slowed, definite differences in shape are shown between the 
records given by the heat-production of live muscles and those given 
by the warming of dead ones. In Pig. 7 are shown three curves taken 
directly from three records made on the same muscles and plotted on 
the same scale so as to show the same maximum deflection. It will be 
seen that B, given by stimulation of the live muscle for 0-1 sec. differs 
considerably from C, given by warming the samo muscle after death 
for 0-1 sec. ‘It should be noted in estimating the relative certainty of 
the observed difference that each curve is read to within about 0-2 p.c, 
of its maximum deflection and that successive records of tho same 
control heating usually do not difier from one another by an average 
quantity of more than 0-3 p.c. of the maximum deflection. The fact 
that B rises more slowly than C can be explained only by the fact that 
heat is produced by the live muscle considerably after the stimulation 
is over, and the analysis of curve C carried out as described above, and 
shown graphically in Fig. .9, proves that such indeed is the case. The 
rate of heat-production is rapid at the start, falls quickly to zero and 
remains at zero for nearly a second until, at or about the end of re- 
laxation, there is suddenly a considerable quantity of heat evolved. In 
A, Fig. 7, is shown also a record given by the same muscle stimulated 
for 1-2 sec., and in Fig. 9 is given the result of an analysis of curve A; 
it is seen that tho observed record for T2 sec. stimulus differs from that 
f or (hi see. stimulus by about as much as the latter differs from the control 
curve given by 0T sec. warming: while the analysis as before shows a 
diminishing rate of heat-production as the stimulus proceeds, followed 
by a gap, and followed again by a large evolution of heat during or 
immediately after relaxation. 

Tho samo thing is well shown by the experiment of which tho 
analysed results are given in Fig. 10. This experiment was also carried 
out at O' 5 C. and a series of stimuli of durations increasing from 0-1 sec. 
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recovery) ; it will be seen that when the muscle is not appreciably fatigued this total heat, 
for a given time of stimulus, is much the same whether the muscle is in oxygen or in 
nitrogen; the last two entries in this column show the effect of fatigue by the very con- 
siderable reduction in the total heat-production. 

Table II. To 

heat 
duo 
in m 

Reduced galvanometer deflections at various times (in seconds) calo 





0 

0-4 

0-8 

1-2 

1-6 

20 

2-4 

2-8 

3-2 

3-6 

4-0 

4-4 

4-8 

5-2 

Control. Time of 















heating 0-1 

sec. 

0 

3 

40 

112 

202 

290 

363 

416 

455 

480 

493 

499 

499 

495 

Stimulus 

fO, 

0 

0 

34 

76 

135 

209 

284 

353 

40S 

447 

475 

491 

499 

500 

0T sec. 

\ n 2 

0 

9 

34 

76 

139 

220 

294 

362 

413 

454 

476 

492 

499 

500 

Stimulus 

(O. 

0 

5 

30 

72 

132 

206 

281 

352 

406 

446 

474 

491 

497 

500 

0-2 sec. 

]N, 

0 

7 

32 

72 

134 

210 

289 

356 

410 

448 

475 

491 

498 

500 



[O, 

0 

4 

28 

62 

119 

186 

263 

333 

393 

435 

467 

485 

496 

499 

Stimulus 

! 

n; 

0 

7 

27 

65 

119 

193 

237 

337 

393 

436 

467 

486 

495 

500 

04 sec. 

- 

N/ 

0 

4 

27 

69 

126 

197 

270 

339 

395 

439 

468 

487 

497 

500 


i 

N 2 " 

0 

4 

30 

70 

128 

193 

263 

329 

387 

426 

462 

480 

493 

499 


It will be seen from the observations recorded above that, whereas 
the “control” deflections for 0-1 sec. heating differ widely from those 
for 0-1 sec. stimulus in oxygen or in nitrogen — showing that the 
heat-production when the live muscle is stimulated is not “instan- 
taneous” as is that in the control observations — the deflections given 
by the muscle in oxygen are practically identical with those in nitrogen 
for all three durations of stimulus and up to 5 secs, following excitation. 
The average difference between the oxygen and the nitrogen deflections 
is only 3 on the reduced scale of maximum deflection = 500 which 
corresponds to only about 0-25 mm. on the original records. It is 
noticeable that this very small average difference is always in the same 
direction, viz. that the nitrogen deflection always increases definitely 
though very slightly more rapidly to its maximum than does the oxygen 
deflection. This small difference is doubtless due to the oxidative re- 
covery processes which, although they go on very slowly at 0° C. must 
have at any rate some small effect in the first few seconds. Apart from 
this very small difference however, amounting on the average to 0-6 p.c. 
of the whole quantity observed, we may assert with fair certainty that 
the initial processes of heat-production following excitation are inde- 
pendent in character of the presence or absence of oxygen, so that the 
chemical breakdowns or changes following immediately on excitation are 
entirely non-oxidative in nature. The role of oxygen in muscular activity 
is displayed simply in the later stages, viz. those of oxidative recovery 
from previous activity, and not at all in the initial stages. The same 
conclusion has been reached from a variety of previous experimental 
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remain constant; but it should be remarked that for temperature 0°C. 
and for periods of stimulation longer than about 2 seconds this relaxation 
heat has usually showed signs of diminution; in these cases, however, 
the process of analysis carried out over such a length of time is not so 
accurate as in the case of the shorter stimuli and, further, the relaxation 



Fig. 10. Exp. B. Heat liberated by sartorius muscles at 0° C. in oxygen. The height 
of each rectanglo represents the heat given out in the interval corresponding to 
tho base on which it stands. Skeleton rectangles represent the heat liberated during 
contraction, black rectangles tho heat liberated during or immediately after re* 
laxntion. A rectangle of height 100 denotes a liberation of 0 OOOOG calorics per gram 
of muaclo. Note (a) the rapid decline in the rate of heat-prodnetion as tho stimulus 
proceeds, (6) that the heat production ns’sociated with relaxation increases up to a 
maximum with increased duration of stimulus, and then slowly declines, and (c) that 
tho interval between the heat produced in contraction and that associated with 
relaxation decreases rapidly as the duration increases. As in Fig. 9 we see tho first 
threo phases of the heat-production, the initial high rate, tho constant rate attained, 
and the sudden outburst after the end of tho stimulus. 

heat is in such cases a smaller proportion of the total heat-production 
and so is more difficult to determine. It is natural to associate this 
diminution, if it occurs, with fatigue. 

The meaning of theso phenomena will be discussed later. A descrip- 
tion of further experiments on the same lines follows. In all experiments 
tho stimuli were maximal. 
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to 2-5 secs, and diminishing again to 0*1 sec. was given in order. By 
taking the mean of the two records for any one duration of- stimulus 
the effects of fatigue were largely eliminated from the comparison of 
the different durations. It is seen from this figure that: 

(a) a large amount of heat is liberated in the initial 0-2 sec. at all 
durations of the stimulus; 

(b) the heat-production diminishes in rate as the stimulus proceeds 
until it reaches a steady constant value in the longer stimuli, while 
falling to zero in the shorter ones; 


oco2 t calories per C,ram 

OF MUSCLE 


0001 A 


TEMP. O'C 

TIME OF STIMULATION 
VZ SEC 


as 


l-o 


Vi" 


0 0 02 



SEC 


Fig. 9. Analysis of curves in Fig, 7. It will be seen that in the short stimulus (0-1 see.), 
there is a large and sudden evolution of heat falling rapidly to zero, followed after 
an interval of 0-8 sec. by another sudden evolution of heat. These represent the 
first and third phases of the heat-production, viz. those associated with contraction 
and relaxation. In the longer stimulus (1-2 sec.) there is an initial large evolution of 
heat of approximately the same size as before, settling down however to a constant 
value and falling to zero when the stimulus ceases. After a shorter interval there 
is again a large and sudden evolution of heat. These represent the first three phases, 
viz. the heat-production associated respectively with the development, the main- 
tenance, and the disappearance of the mechanical response. Heat-productions given 
in absolute units of heat. 


(c) in every case the heat-production associated with the contraction 
is followed, after an interval, by another burst of heat-production, which 
it is natural to associate with the relaxation; 

(d) the interval between the heat-production of contraction and that 
of relaxation is considerably diminished as the duration of the stimulus 
is increased; and 

(e) the amount of heat associated with relaxation increases with 
increasing duration of stimulus tending to reach a limit and then to 
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B. Exp. 2. At 0° C. in oxygen. Fatigue eliminated as above. Results Bhown in Fig. 10* 

fimo of stimulus: secs. % 0*1 0*2 0*4 0*6 0*8 1*0 1*2 1*6 2*0 2* 

Total heat-production* * 495 630 670 760 890 950 1005 1250 1390 15 

Teat associated | proportion of -whole 0-29 0*28 0*26 0*26 0-27 0-27 0*29 0*24 0*18 0*1 

with relaxation { absolute amount* 140 150 180 190 240 250 290 300 250 18 

nterval: secs 1-1 0-9 0-8 0-7 0-6 0*6 0-5 0-4 0-3 ? 

* The unit is such that 600 corresponds to 0 0033 calories per gram of muscle. The interval referr< 
o is that between the productions of heat associated with contraction and relaxation. 

C. Exp. 3. At 10° C. in oxygen. Fatigue eliminated as above. Results shown in 
Fig. 11. Note that at this temperature the interval between the end of the stimulus and 
the moment when the heat associated with relaxation is given off is much less than at 0 8 C., 
in fact about $. In the caso of the stimuli of longer duration this interval is 0-2 sec. or less. 
Note also that compared with the heat liberated in the initial stages that associated with 
relaxation is smaller than at 0° C. 


rime of stimulus: secs. 

<M 

02 

04 

06 

0-8 

10 

1-2 

1*6 

2*0 

Total heat-production* ' 

480 

640 

920 

1090 

1350 

1530 

1700 

1990 

2270 

Heat associated /proportion of whole 

0*24 

018 

0*16 

018 

016 

0-15 

0*17 

0*13 

0*12 

with relaxation (absolute amount* 

115 

116 

160 

200 

220 

230 

290 

260 

270 

Interval : secs 

0-4 

0-4 

04 

0-3 

0-2 

0-2 

0-2 

0*2 

0*2 


* In arbitrary units. 

D. In several experiments carried out at about 20° C. thero was little evidence of the 
heat-production associated with relaxation. The much greater quickness of the physio- 
logical processes of contraction and relaxation makes the analysis praotically incapable 
of discriminating between tho two separate portions of heat. 

E. In two experiments a musclo was cooled to -2'8°C. and -20° C. respectively. 

It was found that for Bhort stimuli (0*5 sec. and less) the curves were practically identical 
with those corresponding to the same stimuli for tho same muscles when nt 0° C., showing 
that the relative amount of the relaxation heat and its position in time were not appre- 
ciably altered by the further small lowering of temperature. Only short stimuli were 
given as it was desired not to fatigue the musclo unduly before reducing it to even lower 
temperatures. 

When the temperature was reduced to —,4*8° C. and — 4*0° C. in the above two cases 
respectively tho musclo froze quite stiff. In the first case it may bo worth putting on 
record that the musclo chamber was opened and the musclo examined when frozen; it 
was then thawed in Ringer’s solution at 0° C., after having been frozen for probably at 
least half-an-hour, and the chamber was closed and replaced in the flask now at 0° C. 
preparatory to taking tho control curves. After it had remained for about an hour for 
tho temperature to Bettlo down it was found that the musclo had revived and several 
further curves were taken on giving stimuli; its condition however appeared to have 
undergone a very considerable change compared with its former state at 0° C., in that 
(1) two to three times the former maximal stimulus was required before tho maximal was 
now reached; (2) tho total heat-production (for tho same duration of stimulus) was only 
about one-half the former total heat-production; (3) the relaxation heat as a proportion 
of tho total heat-production was about one-half the corresponding proportion in tho 
former case, and thus tho actual relaxation heat was only about one quarter of the previous 
relaxation heat; in other words, the muscle behaved os if it had been very much fatigued. 
Tho difference from tho former stato might bo considerably less after a longer interval 
as it was found that a stimulus given immediately after the thawing produced no observable’’*** 

FH. LIV. 
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Analysis of the curves recording the rise of temperature of a stimulated muscle. 

A. Exp. 1. At 0° C. (a) in nitrogen, (6) in oxygen. Stimuli given 0-1, 0-2, 0-5, 0-8 
and 1-2 sec. Curves identical for and 0 2 up to maximum deflection. Analysis of curves, 
eliminating fatigue by taking the mean of two records in a series with increasing and then 
decreasing durations of stimulus. 



Pig. 11. Exp. C. Heat liberated by sartoriuB muscles at 10° C. in oxygen. Heat 
production in arbitrary units. For description and remarks see Fig. 10. Note also 
(a) that the interval before the third phase of the heat-production is much smallei 
than at 0° C. (Fig, 11), in fact only about J of it, and (6) that compared with the 
■ heat liberated in the initial stages the heat associated with relaxation is definitely 
smaller at the higher temperature. 


Time of stimulus, secs 0*1' 0*2 0-5 0-8 

Heat associated with ( proportion of whole 0-26 0-26 0-31 0-34 

relaxation ( absolute amount* 130 160 260 350 


* in arbitrary units. 


1-2 

0-35 

440 


.The recovery heat-pro‘duction in oxygen was very slow being inappreciable in rate 
after 1 minute. 
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Between records No. 01 and No. 05, 1 sec. tetanus followed by 1 min. rest was given 
four times. Between records No. 05 and No. 70 the same stimulation was given five times 
and between records No. 70 and No. 70 the same stimulation was given six tunes. The 
* “intenal” referred to above was about 0-2 sec. when the muscle was fresh, but this 
became more nearly 0 3 sec. or 0 4 see. towards the end of tho experiment. 

Comparison with the mechanical response. 

Tlie time-relations of the production of heat in muscular contraction 
should clearly be compared with the time-relations of the development 
of tension. In order to eliminate any possible instrumental error in the 
determination of tho curve of tension, especially at the higher tem- 
peratures where the mechanical response is very rapid, a special tension 
lever was constructed to record photographically. This instrument con- 
sisted merely of an appropriately shaped portion of a hack-saw blade, 
soldered firmly at its ends to the two ends of a semi-circular brass rod, 
carrying a mirror in front and an arm about 8 mm. long behind. The 
muscles used (a pair of sartorius muscles of frog) were attached by an 
inextensible wire to the end of the arm and a rise of tension in them 
caused a slight twist in the hack-saw spring: this was recorded by the 
deflection produced in a spot of light reflected from the mirror on to 
a strip of bromide paper carried by a revolving drum. The deflections 
of the spot of light were proportional to the tensions developed and the 
magnification of movement was so high (about 500 times) that no 
appreciable shortening occurred in the muscle: the largest record, which 
is readable to 0-1 mm., was only 2-5 cm. high, so that the actual shortening 
of the muscle was about fa min. as a maximum. The contractions there- 
fore may he considered to bo rigidly isometric. Moreover the frequency 
of vibration of tho device is very high— many hundreds per second — 
so that it is capable of following even the most rapid contraction with 
' complete accuracy and without superimposed vibrations. 

The following experiment was performed with the tension-recording 
device, and the results are shown in Fig. 12 A and B. 

Temperatures 0° C., 13° C., 25*5° C. 

At each temperature tho muscles were given the following maximal stimuli: (a) single 
shock: (6) 0 05 sec. tetanus at 90 periods per sec.; (c) 0*10 sec. tetanus; (d) 0-20 sec. tetanus; 
(c) 0 40 sec. tetanus; (/) 0 80 sec. tetanus; and (p) 1*G0 sec. tetanus. 

From these curves we see clearly (<i) the great effect of temperature 
on the rato of rise and fall of tension; (6) the great influence rit the 
highest temperature, and tho noticeable influence at the middle tem- 
perature, of the duration of stimulus. Increasing tho stimulus from a 
single shock to even fa sec. tetanus has prolonged and increased the 

8—2 
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contraction, so tiiat it was supposed at the time that the muscle was dead; thus there was 
probably some process of recovery going on, which was not complete. 

These experiments confirm the conclusions suggested above, which 
may be summarised as follows: 

{a) Heat is liberated during the development and maintenance of 
the contraction. 

(b) Heat is liberated during, or immediately after, the relaxation. 

( c ) This latter heat increases in absolute amount as the duration of 
the stimulus is increased at least up to about 1| seconds at 0° C. 

(d) The interval between the occurrence of the heat associated with 
contraction and that associated with relaxation diminishes rapidly as 
the temperature rises, until at about 20° C. it is practically impossible 
to measure it. A rise of temperature of 10°C. reduces this interval to about 
a third. It is considerably smaller for long stimuli than for short ones. 

( e ) The heat associated with contraction and that associated with 
relaxation are unaffected in their relations by the presence or absence 
of oxygen, provided fatigue be avoided. 

A few experiments were made to test the effects of fatigue on the 
form of the heat-production. It is found in general that the onset of 
fatigue induced by severe stimulation causes a progressive diminution 
of the relative amount of the heat-production associated with relaxation 
as well as in the total heat-productioil; thus the absolute amount of the 
relaxation heat is very much diminished. There also appears to be a 
further delay in the appearance of the relaxation heat, as shown by 
the “interval” in the subjoined table, this having the same meaning 
as in the previous table. 


F. Exp. At 0° 0. in oxygen. Time of stimulus 0-5 sec. 


No. of record .. 

... ... ... 

29 

30 

31 

33 

30 

Total heat-production 

* 

915 

730 

040 

570 

385 

Heat associated with 

1 proportion of whole 

-0-35 

0-29 

0-28 

0-24 

0-22 

relaxation 

(absolute amount* 

320 

210 

180 

155 

85 

Interval 

... ... 

0-8 

0-0 

1-0 

IT 

IT 


Between records No. 29 and No. 30, 2 min. tetanus was given. Between records No, 30 
and No. 31, 1 min. tetanus. Between records No. 31 and No. 33, 1 min. tetanus; 5 min. 
interval; 1 min. tetanus. Between records No. 33 and No. 36, 3 min. tetanus in periods 
of $ min. tetanus separated by \ min. rest; 5 minutes interval; then tho same repeated 
twice. 


G. Exp. At 10° C. in oxygen. 

No. of record 

Total beat-production* ... ' 

Heat associated with re- j proportion of whole 
taxation (absolute amount* 


01 

65 

70 

76 

1710 

1100 

970 

775 

0-23 

0-20 

013 

0T1 

400 

230 

125 

85 


* In arbitrary units. 
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between the end of stimulation and the moment when the tension has 
fallen to half its maximum value. The following table gives the results 
in the form required. 

Table calculated from the curves of Fig. 12. 

Interval between the end of stimulus 
and “middle” of relaxation: secs. 



0°C. 

13® C, 

25-5° C. 

Single shock ... 

0-57 

014 

0 08 

0-05 8eo. tetanus 

0 51 

015 

0 07 

0-10 

0*50 

0-14 

0 07 

0-20 

0 57 

013 

0 08 

0-40 

0-45 

0 12 

— 

0-80 

0 49 

01 1 

— 

1-60 

0 49 

012 

— 

Mean... 

0-52 

0*13 

0075 


The results are very consistent. The interval between the end of 
stimulus and the “middle” of relaxation (defined as the moment at 
which the tension has fallen to half its maximum value) appears to be 
a very constant quantity at each temperature, and independent of the 
duration of the stimulus. The mean values of this quantity are, for the 
particular pair of muscles used, 

at 0° C., 0-52 sec.; at 13° C., 0-13 sec.; at 25-5° C., 0-075 sec. 

A rough calculation from these shows that a rise of temperature of 
70° C. increases the rate of relaxation about 2-2 twee. It is obvious 
therefore that, if relaxation be accompanied by an evolution of heat, 
which we desire to separate in our analysis from the heat produced in 
contraction, it is advisable to work at as low a temperature as possible. 
At 25-0° C. the “middle” of relaxation occurs only 0-075 sec. after the 
end of the stimulus; this interval we should expect to bo quite inappre- 
ciable by our methods of observation and analysis of the heat-production. 
At 13 0 C. the “middle” of relaxation occurs only 0-13 sec. after the end 
of the stimulus; this interval we should expect to be only just appre- 
ciable. At 0° C. however the “middle” of relaxation occurs over half 
a second late and we should expect this quantity to be comparatively 
easily detected by our methods. 

It is noticeable also that, in the short stimuli at 0 J C., the interval 
between the end of the stimulus and the appearance of the main bulk 
of the heat associated with relaxation lies round and about 0-7 sec., 
a quantity not far different from the 0-52 sec. between the end of the 
stimulus and the “middle” of relaxation. 

If the experiment on heat-production recorded above be examined 
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development of tension, very considerably at 25-5° C., noticeably at 
13° C. and only inappreciably at 0° C. 

For our immediate purpose the most important point exhibited by 
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Fig. 12 A and B. Photographio records of the rise of- tension in a mnscle excited iso- 
metrically, at various temperatures (0° C., 13° C. and 25'5° C.), and -with various 
durations of stimulus, special precautions being taken to avoid lag, vibrations, or 
appreciable shortening. The duration of the stimulus is drawn on each record and 
in A also the movement in | sec. 


these curves is the length of the interval between the end of the stimulus 
and the relaxation. It is necessary to employ some means of comparing 
the rates of relaxation, and we have used for this purpose the interval 
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C. At 21° C : as A' and B. 


Duration of stimulus: secs. 

01 

02 

03 

04 

06 

Work done* gr cm — >- 

484 

91 

101 

101 

94 

-< — 

38“ 

72 

864 

89 

— 

Mean work done 

43 

81} 

94 

95 

94 

At 29° C ii3 A', "B and C. 

Duration of stimulus, secs 

01 

02 

03 

04 

0 5 

Work done" gr. cm. — *- 

4G 

84 

93 

90 

85 

— 

20 

43 

G8 

7G 

— 

Mean work done 

33 

63 

80 

83 

85 


This experiment shows 

(a) that the maximum work in a short tetanic contraction increases rapidly as tho 
temperature increases, at any rate from 1*5° to 21° C.; 

(&) that the maximum work increases as the duration of tho stimulus increases, 
up to tho following limits: 1*5° 0. 0 C see ; 12° C. 0 4 sec ; 21° C 0 3 see 

Beyond these limits tho maximum work is unaffected bj a further duration of the 
stimulus 

Exp (2) Sartonus muscles, about 0 25 gr. wt. and 3 3 cm. long In Ringer’s solution. 
Maximal stimuli All observations made with increasing and decreasing duration, as m 
Exp. (1), and the mean taken for each duration, so os to eliminate fatigue. 

A. 8° C. Equivalent mass grams. Rider 3 grams Initial tension 

10 grams wt. 

Duration: secs ... ..01 02 04 00 08 

Mean work: gr. cm. ... 19} 30 3G 37 37 


A'. 8® C. As A. Rider 5 grams 

Initial tension 17 grams wfc. 




Duration: secs ... 

... 01 

02 04 

0G 

08 


Mean work: gr. cm 

... 16 


21 37 

39 

39 


A". 8° C. Equivalent mass 1600 grams. 

Rider 3 grams Initial tension 10 grams wt. 

Duration, sees 

0 1 

02 

03 04 

06 

08 


Mean work; gr. cm. 

15 

19 

24 27} 

28 

28} 


B. 1 5° C. As A". 







Duration* secs. .. 0 1 

02 

03 

04 06 

08 

1 0 

1*2 

Mean work* gr. cm. ... 10} 

12} 

13 

13} 15 

15} 

10} 

10} 

B'. 1 5® C. As A" but Rider 2 

1 grams 

Initial tension 7 grams wt. 



Duration: secs . . 

0 1 

02 

04 06 

08 

1 0 


Mean work: gr. era 

10 

104 

12 12} 

12} 

12} 


C 8 0® C AbB'. 







Duration* sees ... 

0 1 

02 

03 04 

00 

08 


Moan work* gr cm. 

13} 

17 

19} 21 

21} 

22 


D. 16“ C. As A". 







Duration*, secs 

01 

02 

03 04 

0G 

08 


Mean work* gr. cm 

16 

28 

37 42 

43 

43} 


E 24® C. As A". 







Duration* secs 

01 

02 

03 04 

05 

06 


Mean work: gr. cm. 

15 

36 

55 61 

63 

G3 


From theso observations it is 

seen that m 

spite of oncoming fatigue the maximum 


work in a tetanic contraction increases rapidly as the temperature is raised (sec especially 
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it will be seen that the absolute quantity of heat associated with re- 
laxation increases as the duration of the stimulus increases until, at a 
certain limiting duration, it becomes more or Jess constant. Throughout 
this investigation we have imagined that this heat-production is a direct 
and quantitative expression of the amount of potential energy lost during 
the relaxation of the muscle. If this be so we should expect that the 
potential energy, i.e. the maximum work the muscle is capable of per- 
forming, would increase as the duration of the stimulus increased, be- 
coming constant at about the same limiting duration. We have therefore 
performed experiments with the inertia mechanism described in another 
paper(5) in order to determine the effect on the maximum work of 
varying the duration of the stimulus. It will be seen from the following 
account that the maximum work increases as the duration of the stimulus 
increases up to a certain limit of the duration, and then remains constant. 
At higher temperatures the constant value is reached at a shorter duration 
of the stimulus. The maximum work seems to reach its constant value 
more quickly than does the heat-production associated with relaxation, 
but, in general, the two phenomena are governed by much the same 
relations and it would appear reasonable to conclude that the potential 
energy and the heat of relaxation are really one and the same thing. 

The experiments on the maximum work are given in the following 
table. 

Effect of duration of stimulus on the maximum work. 

Exp. (I). Sartorius muscles 34 cm. long, weight 0-33 gram. In Ringer's solution. 
Maximal stimuli, single phase alternating current at 90 “Equivalent mass" (Mk-ja-) 
of inertia system as used 1 GOO grams. The arrows denote that the observations were made 
in the order indicated: the mean of the two observations at any one duration is taken to 
avoid the effects of fatigue. 

A. At 1-5° C. Mass of rider 3 grams. Initial tension on muscles 10 grams weight. 


Duration of stimulus: secs. 

0-1 

0-2 

0-3 

04 

0-6 

0-S 

Work done: gr. cm. — e- 

22 

28i 

33 

35 

35 

341 

-<? 

22 

27' 

30 

32 

33 

— 

3Iean work clone 

22 

28 

311 

33i 

34 

341 

At 1*5° C. 3Iass of rider 5 grams. 

Initial tension on muscles 17 

grams weight. 

Duration of stimulus: secs. 

0-1 

0-2 

0-3 

04 

0-6 

0-8 

Work done: gr. cm. — *- 

23 

2S 

30.1 

32 

34 

341 

— 

221 

26 

28' 

30 

331 

— 

Mean work done 

23 ’ 

27 

29 

31 

34 

341 


B. At 12° C. Mass of rider 5 grams. Initial tension on muscles 17 grams weight. 


Duration of stimulus: secs. 

0-1 

0-2 

0-3 

04 

0-6 

Work done: gr. cm. — *- 

36 

59 

72 

72 

691 



32* 

401 

61 

65 

— 

Mean work done 

34 

54 

661 

681 

691 
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heat-production is very small at low temperatures. The first alternative 
seems the more likely, though the second is not impossible. We will 
consider ( b ) first and then return to the consequences of (a). It is not 
impossible that recovery should take place with a high “efficiency” and 
that nearly all the energy of the oxidations occurring in recovery should 
be stored as free energy ready for tho next contraction, very little of it 
appearing as heat. Preliminary experiments have shown that at 20° C. 
the recovery process goes on with about 58p.c. “efficiency,” heat repre- 
sented by 72 being evolved in a process in which energy represented by 
100 is stored. A temperature of 20° C. however is rather high for an 
English frog, and occurs only at seasons when food is easy to obtain. 
It might easily be the case that at low temperatures the processes of 
recovery are much more economical, until at 0° C. nearly all the energy 
obtained from oxidations is stored as free energy ready for a subsequent 
contraction. 

It is impossible however to be sure that the real explanation of the 
experimental facts is not merely that recovery goes on so slowly at low 
temperatures that it is impossible to detect it. If recovery be quickened 
three or four times by a rise of 10° C., the rate of heat-production at 
0° C. would be only about one-tenth of that at 20° C. and Buch a slowing 
down would explain the impossibility of detecting much heat in those 
three or four minutes subsequent to stimulation during which alone the 
investigation is reliable. It might be possible to quicken up the rate of 
recovery at 0° C. by using a high pressure of oxygen, in which case if 
the recovery heat-production becomes detectible it will be possible to 
decide between the two alternatives. 

If it prove to be the caso that recovery from activity is much slowed 
by a fall of temperature, it is a very pertinent fact in the life of cold- 
blooded animals. A very distinct limit would be put to their activity 
at low temperatures, and we have a further sign of the advantage of 
a high body temperature in recovery from fatigue. Such a high tempera- 
ture<-coefiicient is in keeping with what is known of the effects of tem- 
perature on most of the chemical reactions occurring in the body, and on 
the whole it appears to bo the more probable alternative. 

At higher temperatures we have found it possible to determine also 
the course of the heat-production in point of time. 

In two experiments at 20° C. in oxygen it was found that after a 
rapid outburst of heat during the development and disappearance 1 * 
the mechanical response the rate of heat-production i 
40 seconds, reached a maximum and fell slowly to 
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B', C, D and E). Further the work increases with increasing duration of stimulus up to 
a certain limit of duration. 

The increase of maximum work with increased duration of stimulus 
is similar therefore in its general character to the increase of delayed 
heat-production. It would he very difficult experimentally to make the 
comparison a directly quantitative one, upon the same muscles at the 
same time: the general agreement however between the ways 
in which the maximum work and the delayed production of 
heat increase with increased duration of stimulus, is addi- 
tional evidence that the potential energy of the excited 
muscle is the immediate parent of the production of heat 
which occurs during relaxation. 

3. The recovery heat-producti ox. 

We have described above an experimental investigation of the first 
three phases of the heat-production in muscles. It remains to discuss 
the fourth phase, that of recovery. It was shown in a previous paper(l) 
that in the slow- process of recovery after activity considerable heat is 
evolved. This heat is presumably “waste heat,” evolved in the chemical 
processes of recharging the muscle to its previous condition: a large 
part of the energy liberated in the oxidative recovery processes does not 
presumably appear as heat at all, but is used in restoring the muscle 
to its previous condition, being stored in some form inside it. We should 
expect however that the heat produced in recovery would run parallel 
to the actual process of recovery. We have performed a few experi- 
ments to determine the course of the recovery heat-production by our 
later and better methods. A full account of the subject will be given in 
a later paper: here we will merely describe the general results in so far 
as they concern the subject under discussion. 

The first point of interest which has appeared is that in the experi- 
ments in oxygen at 0° C., we have never succeeded in estimating the 
recovery heat. The curve of galvanometer deflection for the live muscle 
stimulated for 0-1 sec. is so very close to the control curve (corresponding 
to warming for 0-1 sec.) after the first 20 seconds or so that the rate 
of heat-production during recovery must be very small in t his case. But 
whenever we have made an experiment in oxygen at a higher temperature. 
c.g..at 20° C.,- under otherwise identical conditions, the recovery heat- 
production has come out quite clearly. It would seem that one or other 
of the following conclusions is inevitable: (a) the recovery heat-produc- 
tion goes on exceedingly slowly at low temperatures ; or ( b ) the recovery 
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as a process in which active interchanges of energy take place, one is 
tempted to speculate on its nature. The extent to which a rise of tem- 
perature increases its rate would lead one to suspect chemical rather 
than physical changes as the basis of relaxation. The constancy, for a 
given temperature, of the interval between the end of the stimulus and 
the “middle” of relaxation, and its independence of the duration of the 
stimulus, would suggest that in this interval we have some fundamental 
and measurable characteristic of the relaxation process. The most 
important point however appears to be that the process of relaxation 
is, under all conditions, an irreversible one in the thermodynamic sense: 
i.e. the mechanical potential energy produced in an isometric contraction 
is not reabsorbed by the muscle as free energy but is allowed to de- 
generate into heat by some irreversible process unknown. So much 
indeed is clear : it seems to us however to be wiser to leave the matter 
there for the present rather than to indulge in detailed speculations for 
which experiments give us, as yet, no warrant. In order to make the 
position hitherto attained in regard to the muscle the more intelligible 
wo have included next a description of a physical system exhibiting 
precisely the same general relations ns the muscle in the matter of 
exchanges of energy. The reader will see at. once that this is not a theory 
of contraction, but merely a physical analogy to what has already been 
proved in regard to the muscle and its energy relations. The analogy 
is a very close one, and a close analogy may be valuable in suggesting 
lines on which further progress can be made, as well ns in showing that 
a certain type of mechanism is possible. 

5. An electromagnetic analogy. 

Consider an electromagnet attracting a piece of soft iron. To make 
the magnet exert this attraction a current lias to be passed and energy 
has to be expended in magnetising the electromagnet; to maintain the 
attraction it is necessary to maintain the current and the expenditure 
of energy. On breaking the current in the electromagnet the attraction 
disappears, while the magnetic energy of the electromagnet and of the 
magnetic field vanishes as such and reappears as heat caused by induced 
currents. Supposo further that the current was obtained from an accu- 
mulator: in order to recharge this accumulator it is necessary to employ 
some kind of engine to turn a dynamo and in this recharging process 
heat is liberated in the engine and “free” electric energy is stored in the 
accumulator. 

Store of free energy capable of being liberated without oxidative changes. 
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(presumably) recovery was complete. The fall to zero might have been 
expected; the gradual increase up to the maximum however is more 
difficult to understand: we should rather have expected the recovery 
process to start at a high level and to fall continually to zero. The only 
plausible explanation seems to us at present to be that the processes 
of recovery are complex in nature, and that preliminary chemical 
reactions involving only a relatively small production of heat have to 
precede the final oxidative changes yielding the main bulk of the energy. 
We may add that some experiments on muscles from which oxygen had 
been carefully excluded showed signs of a smaller prolonged heat-pro- 
duction during the three minutes subsequent to excitation : this would 
be in keeping with the hypothesis that non-oxidative changes precede 
the oxidative breakdowns associated with recovery. 

We have avoided going into the subject more in detail here as the 
investigations now proceeding may throw considerably more light on 
this interesting side of muscular activity. 

4. Discussion. 

It is clear that much more work requires to be done before even the 
general nature of muscular contraction is certain. One obvious way in 
which our knowledge can be improved is by conducting experiments, 
on the lines indicated here, upon a variety of other tissues and muscles: 
another is to amplify these experiments by an investigation of the effects 
of salts and drugs, or of the presence or absence of other chemical bodies, 
upon the extent and time-relations of the four phases of the heat-pro- 
duction of muscles. The most prolific step however would be to develop 
some chemical, or physico-chemical method, capable of following the 
production or decay of some constituent of the muscle ( e.g . the hydrogen 
ion), and of exposing its time-relations as accurately as the thermopile 
and the tension-lever expose those of the production of energy. At 
present, apart from the mechanical and electrical responses, the pro- 
duction of heat can be followed and recorded with incomparably greater 
accuracy and speed than can any other change accompanying muscular 
activity. An investigation of the heat-production therefore will enable 
us to sketch the general lines, but it is, and must remain, quite incapable 
of filling in the details of the picture: the laws of thermodynamics “deal 
with events, not with the mechanism of events” (6). 

Many theories of muscular contraction have been put forward, but 
not so many of muscular relaxation : in view of the fact that relaxation 
has been placed, by these experiments, on the same plane as contraction 
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muscle be allowed to shorten, but in an isometric contraction no external 
work is done. The work actually performed depends, in both cases, on 
the “conditions of loading.” 

j Heat liberated in the development of the mechanical response. The 
energy of the current passing through the electromagnet reappears in 
two separate forms: (a) in the magnetic potential energy of the field of 
the electromagnet, and (6) in Joule’s heat liberated in the coils. If the 
current passes only for a very short time the main part of the energy 
appears first in the “free”’ form (a); while if it passes for a longer time 
an increasing fraction of it appears in the “bound” form (6). Similarly 
'with the muscle, energy is liberated (a) as mechanical potential energy 
and (b) as heat, (a) being the greater in a short response and (6) the. 
greater in a long one. 

Heat-production in the maintenance of the mechanical response. In 
order to maintain a constant magnetic field a constant current has to 
be maintained in the coils of the electromagnet, the whole of the energy 
of which is degraded into heat. This is analogous to a tetanic contrac- 
tion. 

Heal produced in the disappearance of the mechanical response. "When 
the electromotive force in the circuit of the electromagnet is removed 
the potential energy of the magnetic field disappears in the process of 
inducing a current in the coil of the electromagnet ox in neighbouring 
conductors, the energy of this current being dissipated finally as beat. 
Thus when we remove the e.m.f. exciting the electromagnet there is 
not a cessation of the heat-production; the heat-production continues 
until the whole of the magnetic energy of the field has been dissipated 
as heat through the intermediation of induced currents. Similarly in 
the muscle, as shown in this paper, when the stimulus ends the heat- 
production does not stop at once: it continues until all the elastic 
potential energy of the muscle has disappeared. 

The recovery process. The whole of the phenomena described above 
are independent of the immediate presence of oxygen. When however 
it is required to recharge the accumulator an engine is started up, oxygen 
and fuel aro consumed, heat and mechanical energy are liberated, a 
dynamo is turned and current is produced. Similarly in the muscle, 
when recovery is necessary some mechanism removing lactic acid is set 
in motion, oxygen is consumed, heat is produced and the muscle is 
restored to its previous condition. 

The heat produced at rest. It is known that accumulators left standing 
,“run down” gradually of themselves. This process of “running down” 
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The accumulator can have its energy released merely by pressing a key 
and making an electric contact, just as the muBcle can have its energy 
released by giving it a shock. The chemical changes liberating the 
energy of the accumulator do not involve any oxidative breakdowns, 
just -as the initial proces?es°of contraction in the muscle do not. The 
energy of the accumulator may be liberated largely as mechanical 
potential energy or work, or on the other hand if the accumulator be 
short-circuited it may be wasted as heat: the muscle’s internal energy 
similarly may appear as potential energy or work or it may as a result 
of various conditions, e.g. in rigor or as a result of treatment with 
ethyl-alcohol (Weizsacker{4)), appear entirely as heat. 

Trigger action for release of energy . The amount of energy required 
to make an electric contact and so to start the discharge of the accu- 
mulator is very small, as is the amount of energy required to stimulate 
a muscle. 

Development and maintenance of mechanical response. Directly the 
key is pressed down the current starts in the coil of the electromagnet, 
and the magnetic attraction develops. The current however does not 
immediately rise to its full value, owing to the self-induction of the coil 
nor does the soft iron of the magnet become magnetised instantaneously 
under the influence of the magnetic field of the coil: hence the attraction 
exerted by the magnet on the piece of iron increases gradually up to 
a certain limit and then remains constant: these phenomena are similai 
to those shown by a stimulated muscle. Moreover if the current be lefi 
on too long the accumulator becomes polarised, the current falls off an( 
the magnetic field decreases: while if the accumulator be given a perioc 
of rest it recovers and provides its full e.m.f. again, and the magnetif 
field rises to its previous value. The phenomena of muscular fatigu( 
are analogous. 

Disappearance of mechanical response. On opening the electric circuit 
the magnetic field of the electromagnet diminishes rapidly though nol 
instantaneously to zero, and the pull on the piece of iron falls off. This 
process is analogous to relaxation. 

Performance of xvork. The current in the electromagnet develops a 
store of magnetic potential energy in the soft iron core and in the field 
round it. This magnetic energy will do external mechanical work, ii 
allowed, by pulling up the piece of soft iron to the magnet. On the othei 
hand no external mechanical .work is done if the piece of iron be held 
fast. In the same way the muscle develops elastic potential energy on 
excitation: this energy may result in external mechanical work if th( 
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the heat-production may be resolved into the following four phases: 
(a) an initial rapid production, diminishing gradually in rate as the 
stimulus proceeds; ( b ) a smaller constant heat-production maintained so 
long as the stimulus is maintained, and ending shortly after the stimulus 
ceases: (c) a relatively large evolution of heat, occurring rather suddenly 
during the later stages of relaxation; and (I) a large, but slow, production 
of heat occurring in the presence of oxygen for some minutes after the 
contraction is over. 

In the twitch evoked by a single shock or by a very short tetanus only 
three of these phases occur, (a), (c) and ( d ). It is natural to associate 
(a) with the development, (6) with the maintenance and (c) with the 
disappearance of the mechanical response, and to connect (<?) with the 
processes of recovery. It is probable that the heat produced during 
relaxation is derived from the mechanical potential energy developed 
on excitation, and lost in relaxation. 

D. The interval between the second and third phases of the initial 
heat-production depends largely on the temperature. In a short twitch 
at 0° C. it is of the order of 0 - 7 sec.: at 25° C. it is too short to be 
measured directly with the instruments at present employed. All the 
more reliable experiments have been performed at a low temperature. 

0. Photographic records are given of the course of the mechanical 
response in an isometric contraction, at various temperatures and for 
various durations of stimulus. The instrument used had a high frequency 
of vibration, a high magnification, and incxtensible connections to the 
muscle. It was found that, provided fatigue be avoided, the interval 
between the end of excitation and the “middle” of relaxation is inde- 
pendent of the duration of the stimulus, but is increased two or three 
times by a fall of temperature of 10° C. This effect of temperature is 
similar to its effect on tjie interval between the second and third stages 
of the heat-production. 

7. The absolute amount of heat liberated in relaxation increases as 
the duration of the stimulus increases, up to a certain limit, after which 
it remains more or less constant. 

8. By employing an inertia system for measuring maximum work, 
it is found that in a short tetanic excitation: (n) the maximum work- 
increases as the duration of the excitation increases, up to a certain 
limit, after which it remains constant; and ( b ) the maximum work in 
a tetanic stimulus of given duration is considerably' increased by a rise 
of temperature. 

It is concluded from (7) and from 8 (o) that the maximum work, 
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must liberate lieat, and if the accumulators are to be kept in conditic 
it is necessary to recharge them. This continual recharging also involvi 
a production of heat. Similarly the muscle even when kept in oxygen-fr< 
atmosphere at rest liberates heat (together- with lactic acid) continuous! 
for long periods: if sufficient oxygen be present the running down proee: 
is balanced by a continual recharging one with an increased productio 
of heat. 

The maintenance of tension in an unstriated muscle. Some unstriate 
muscles can, unlike the striated ones, exert a considerable tension f( 
long periods without any appreciable increase in the C0 2 output. Th 
fits into our analogy if we suppose that the core of the electromagm 
is made of hard steel instead of soft iron, so that the magnetic pull 
maintained with no further expenditure of energy until a current : 
sent into the electromagnet in the opposite direction to demagnetise i 

r 

Summary. 

1. Instruments and methods are described by which the heat-prc 
duction of a muscle can be recorded photographically, if necessary t 
less than 0-000001° C. These methods have the advantages: (a) it i 
possible to work at any temperature desired; ( b ) the muscle can b 
immersed in any required gas or solution during the observations 
(c) the zero, once attained, is relatively very stable; ( d ) no errors aris 
from differences of temperature along, the muscle or thermopile; (e) th 
mechanical response therefore can be recorded simultaneously with thu 
heat-production, in any manner desired; (/) the response to the heat- 
production is relatively rapid; (g) exact “control curves” can be made 
by electrical heating; and (h) calibration in absolute units of heat is 
accurate and easy. 

2. A numerical method of analysing the photographic records is 
described. By means of this the time-relations of the heat-production 
can be investigated, not only in the slow processes of recovery, hut in 
the more rapid processes immediately following excitation. 

3. By working at 0° C. on the sartorius of the frog it is shown that 
the lime-relations of the heat-production in the first few seconds after 
excitation are independent of the presence of oxygen. Weizsacker 
showed that the magnitude of this initial heat-production is unaffected 
by oxygen. Hence we may regard the initial chemical breakdown 
following excitation as being entirely non-oxidative in character. . 

4. In a prolonged contraction ( e.g . 2 secs, tetanus) of the sartorius, 
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It has been shown by Zuntz(i), Alexander Schmidtp), and 
Fr6d6ricq(3) 2 , that the serum of blood contains more C0 2 than the 
corpuscles. On the other hand, it is stated that if C0 2 acts on the 
serum and corpuscles which have been separated from one another, 
then the corpuscles contain more C0 2 than the serum. This has been 
explained by an interchange of acid and basic radicles between corpuscles 
and serum which is considered to occur naturally in the blood. Such 
an interchange is supported by Hamburger’s experiments (4), and also 
confirmed by those of Van Slyke and CullenP), which showed that 
treating blood with C0 2 caused the plasma to lose chlorine which must 
have entered the corpuscles. Quito recently de Boer (6) has shown that 
there is also a loss of sulphate from the plasma under these conditions. 

In the present research the attempt has been made to study syste- 
matically the partition of C0 2 between corpuscles and plasma at different 
CO, pressures in human blood. 

1 Tho expenses of this investigation were defrayed by a grant from the Royal Society. 
* See also Locwy’e account in Oppenheimer’s Ildb. d. Rioch. (Jena 1911), 4, Pt. I, 

p. 61. 
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and the heat-production of relaxation, are derived from the same thing, 
the potential energy liberated on excitation. 

9. The methods described have made it possible to follow the course 
of the evolution of heat in the fourth phase of contraction — recovery — 
and preliminary experiments at 20° C. have shown that the heat- 
production of recovery increases in rate for 30 or 40 secs., and then 
falls gradually to zero. It is suggested that the oxidative processes of 
recovery are complex, the initial stages involving non-oxidative reactions 
associated with a smaller evolution of heat, the later stages involving 
the more energetic oxidative changes. 

10. At low temperatures such as 0° C. the recovery heat-production 
in oxygen is almost inappreciable by the methods employed. It is 
concluded either: (a) that the processes of recovery go on very slowly 
at low temperatures, being subject to a temperature coefficient of the 
same size as most chemical reactions occurring in the body; or ( b ) that 
the processes of recovery at a low temperature are much more “ efficient” 
than at a high one, nearly the whole energy of the oxidised bodies being 
stored in the muscle ready for a subsequent contraction. Of these alter- 
natives the first seems the mote probable. 

11. A close analogy to the energy relations of a muscle and the four 
phases of its contraction is provided by those of an electromagnet excited 
by a current from an accumulator. 

The expenses of this research have been borne in part by a grant from the Royal 
Society to one of us (A. V. H.). 


REFERENCES. 

(1) A. V. Hill. This Journal, 46, p. 28. 1913. 

(2) Ibid., p. 435. 1913. 

(3) S. Marsh. Proc. Roy. Soc. A., 97, p. 124. 192Q. 

(4) V. Weizsacker. This Journal, 48, p. 396. 1914. 

(6) A. V. Hill. Proc. Physiol. Soc. p. lxxxviii. 1920. This Journal, 53, 1920. 
(6) Jeans. Proc. Roy. Soc. 97, p. 66. 1920. 



131 


C0 S IN BLOOD. 

and a second reading taken. A second extraction was then carried out 
and the C0 2 again absorbed. Very occasionally a third extraction was 
required. We are indebted to Mr Parsons for pointing out a possible 
source of error in our method. After delivery of the blood beneath 
liquid paraffin the sample cooled to the temperature of the room. It 
was possible that this in itself might cause an alteration of the distri- 
bution of C0 2 between plasma and corpuscles. This was tested by 
putting an electric centrifuge into an incubator kept at 38° C. There 
was also another centrifuge at room temperature. The following results 
were obtained for the serum of oxygenated blood which had been exposed 
to a pressure of 74-5 mm. C0 2 . 

CO, in 100 c.c. 

Exp. plasma, c.c. Remarks 

1 G8 36 Samplo centrifuged at once, at room temperature (20° C.) 

2 CO-1 Sample transferred at once to inoubator Iot 5 minutes and then 

centrifuged 

3 G9 3 Sample centrifuged at room .temperature after 1 hour in ice 

4 06-7 Sample centnfugcd in the incubator after resting 1 hour in the 

incubator 

In Exp. 4 there is some loss of CO, owing presumably to the length 
of time the sample was kept at 38° C. and the increased diffusion through 
paraffin at this temperature. The other experiments show that lowering 
temperature before centrifuging makes no perceptible difference. In 
Exp. 2 the object of keeping the sample for five minutes in the incubator 
is to allow it to regain its original temperature, because after delivering 
the sample into the centrifuge tube the latter had to be counterpoised 
at room temperature. The whole process only took about one minute 
but a little cooling must have occurred. 

Another experiment with partially reduced blood gave similar results. 
The C0 2 pressure was 41-7 mm. and the oxygen pressure 35-3 mm. 

CO, in loo c.c. 
plasma, c.c. 

68 4 Centrifuged at once 1 . 1 18° C. 

69 6 Centrifuged after standing at 18® C. for 1 liour 

In carrying out the experiments with reduced blood, the reduction 
was carried out in two stages. The blood was first shaken in a vessel 
of about 800 c.c. capacity, which bad been exhausted by an air-pump 
two or three times, and filled with nitrogen from a cylinder. Some C0 2 
was also added. The shaking took place at room temperature for about 
half an hour. The tonometers were also filled with nitrogen and CO, in 
the same way. The blood was transferred from the large » *" i 

tonometers without coming into contact with air. The n : ‘ 
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■ In their well-known paper Christiansen, Douglas and Hal- 
dane (7), showed that at pressures of C0 2 up to 110 mm. reduced blood 
took up more C0 2 than oxygenated blood and they explained this by 
assuming that reduced haemoglobin was a weaker acid than oxyhemo- 
globin. We have tried to carry the results one stage further, by finding 
out how this increase of C0 2 in reduced blood is distributed as between 
corpuscles and plasma. 

Method. The method employed has already been briefly described 
by us (8). Human blood was exposed in tonometers to varying pressures 
of C0 2 , being rotated in a water bath at 38° C. for 15 minutes. The 
blood was delivered beneath liquid paraffin in two portions. One was 
used for the estimation of the C0 2 in the whole blood by Van Slyke’s 
apparatus (9). The other portion was centrifugalised and the C0 2 of the 
plasma also estimated. Towards the end of this work a few determina- 
tions of the C0 2 in the corpuscular mixture were made. 

Some more details may be given. A separate tonometer was used 
for each experiment. The tonometers had a capacity of 350 to 400 c.c. 
The lower part was drawn out so as to hold a cylindrical column of 
6 c.c. blood. The analysis of the gas was carried out in duplicate after 
the blood had been delivered and when the tonometer had cooled to 
the temperature of the room. The calculation of the partial pressure 
was carried out as described by Barcroftqo). A correction was.intro- 
duced for the amount of blood originally in the tonometer. Thus if the 
tonometer had a volume of 350 c.c. and contained 6 c.c. of blood when 
in the water bath, the volume of gases in the tonometer should be taken 
as 344 c.c. It must be admitted that the tonometer method, as far as 
calculating the C0 2 pressures is concerned, is more involved than the 
method described by Parsons(U) or by Christiansen, Douglas and 
Haldane (7). Its advantages are that duplicate analyses can be readily 
performed. Further the preliminary preparation of the mixed gases is 
a very simple affair, as it is only necessary to add the requisite measured 
quantity of C0 2 from a burette. It was quite easy to arrange that the 
final pressure in the apparatus should be about the same ( i.e . 10 to 
20 mm. in excess of atmospheric pressure) so that the corrections applied 
worked out to be about the same in each case 1 . 

In all the determinations with Van Slyke’s apparatus, after ob- 
taining the first reading of mixed C0 2 , oxygen and nitrogen, the C0 2 
was absorbed by caustic soda introduced from the cup of the apparatus, 

1 It has recently. been found that the calculated pressure agrees satisfactorily with the 
actual pressure in the bath measured by a manometer. 
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curve. Table II (cols. 2 and 4) gives the numerical values of these curves 
at certain stated pressures. The mean of all the haematocrib deter- 
minations shows that up to 90 mm. C0 2 100 vols. of blood contained 
50*93 vols. of corpuscles and 49*07 vols. of serum 1 . Using these values 
the various results shown in Table II are calculated. The C0 2 content 
of the serum in 100 c.c. blood is first calculated (col. 6). This subtracted 
from the C0 2 content of the whole blood (col. 2) gives the C0 2 content 



Fig. 1. Ordinate, percentage vol. CO t . Abscissa, C0 2 pressure, mm. 

• Dcflbrinated blood. Corpuscles of 100 c.c. blood. 

4* Oxalatcd blood. 

O Truo scrum from defibrinated blood. 

© True plasma from oxalated blood. 

S.S. Curve for separated serum. 

of the corpuscles in 100 c.c. blood (col. 9). These calculated results are 
represented by curve C in Fig. 1. 

Attention is particularly directed to’ the behaviour of the C0 2 in 
serum and corpuscles, as shown respectively by the areas between 

1 Hamburger lias stated that treating corpuscles with CO t increases their volumo. 
Wc have not been able to observe in our hrematocrit determinations any evidence of this 
up to 00 inra. pressure of C0 2 although in the comparatively few measurements raado 
at higher pressures we thought that there probably was a small incrcaso in volume. It 
has seemed best to take the mean of all hrematocrit observations up to 90 mm. in order 
to construct the curves in Fig. 1. ** 
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cylinder contained a little oxygen so that the blood was never com- 
pletely reduced. This was thought to be an advantage, because it was 
possible that the highly unphysiological condition of complete reduction 
might cause an alteration in the properties of the hemoglobin. The 
oxygen pressure was always determined by a single analysis of the 
tonometer after the experiment. 

The relation between the log Ii of Hill’s ( 12 ) formula, and the 
C0 2 pressure of J. J.’s partially oxygenated blood was determined 
(see Table I) 1 and was found to agree quite well with the curve for 
Barcroft’s blood, investigated by Barcroft and Poulton(i3), and 
with Debenham and Boulton’s results(i4). From the 0 2 pressure it 
is a simple matter to calculate the percentage saturation of the haemo- 
globin with oxygen by Hill’s formula, using the value for log K corre- 
sponding to the particular C0 2 pressure. This has been done (see 
Table VII, col. 8) for J. J.’s defibrinated blood; the values are less than 
20 p.c. with two exceptions. In one the per cent, saturation works out 
at 22- 4 p.c,, and in the other the actual value found by Van Slyke’s 
modified method ( 15 ) was 23 p.c. The mean value for all these percentage 
saturations was found to be 11 p.c. so that the curves, to be later de- 
scribed, may be said to represent the average C0 2 dissociation curve of 
J. J.’s defibrinated blood containing about 10 p.c. of its hmmoglobin 
saturated with oxygen. In the case of W. R. and J. J.’s oxalated blood, 
it can be seen from the oxygen pressures that the variation in the per- 
centage saturation axe not as great as in J. J.’s defibrinated blood. 

In nearly all the determinations when the C0 2 in the blood was' 
being estimated a drop of the same blood was taken for a hmmatocrit 
determination. Fine bore glass tubes were made. The blood was run 
into the tube and one end was sealed in a flame. The tube was rotated 
for 15 minutes in a high speed disc centrifuge. Very often the hcema- 
tocrit determinations were carried out in duplicate. 

Oxygenated and reduced blood. 

Chief attention was paid to J. J.’s defibrinated blood. The results 
for the C0 2 per 100 c.c. blood, and per 100 c.c. serum, separated as 
described, after equilibrium between blood and C0 2 at 38° C. had been 
established are given in Table VII and plotted out in Fig. 1. From these 
results two curves have been drawn, one for blood (B), another for what 
may be described as “True Serum” (T.S.). It will be noticed that up 
to 90 mm. C0 2 pressure the blood curve lies below the “true serum” 

J The tables aro given at the end of the paper. 
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to help in the. excretion of sulphates in the urine. While not denying 
that this may be one effect of the interchange, the chief reason for its 
occurrence would seem to he much simpler. It is to prevent the cor* 
puscles from becoming rapidly more alkaline than the serum and the 
same applies to the migration of Cl ions. 

It is possible to infer from Hasselbalch and Warburg’s experi- 
ments that the C0 2 dissociation curve of separated red corpuscles is 
steeper than the blood curve and very much steeper than the separated 



Fig. 2. Ordinate, COj vol. Abscissa, COj pressure, mm. 
• Defibrinated blood. O True serum. 

+ Oxalated blood. © True plasma. 


serum curve. The diffusion of acid that takes place from the serum into 
the corpuscles with rise of C0 2 pressure by making the corpuscles more 
acid lessens the steepness of the curve. 

Of course a transference of base from corpuscles to serum would be 
as effective as the migration of acid just described, and de Boer has 
argued from Hamburger’s work that the corpuscles are permeable to 
metallic ions. It is quite possible the two processes occur simultaneously 
although the evidence for the latter process is not so strong ns for the 
former. 
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B and C, and between C and the base line. At 0 mm. pressure there is 
no C0 2 in either. This corresponds to the well-known fact that all the 
C0 2 of blood can be withdrawn by the pump. As the pressure of C0„ 
increases, there is a gradual rise in the C0 2 content of both; but the 
serum always contains more C0 2 than the corpuscles. 

In Pig. 1 a fourth curve S.S. is also drawn (see also Table III). This 
represents the “Separated Serum.” Blood was withdrawn from a vein 
without stasis and defibrinated by whipping in an open dish, and im- 
mediately centrifuged. The serum was separated from the corpuscles 
and the C0 2 dissociation curve of this serum in the absence of corpuscles 
was obtained in the usual way. The curve S.S. cuts T.S. at a pressure of 
44-5 mm. C0 2 . This must have been the pressure of C0 2 in the blood at 
the moment of separation of the serum, since it is the only point common 
to the two curves. 

Hasselbalch and Warburg(iC) have pointed out that the “sepa- 
rated serum” curve cuts the blood curve at an angle, and that different 
separated serum curves can be obtained for each pressure of C0 2 , all 
the curves being parallel to one another. 

A comparison of the curves S.S. and T.S. is instructive. In the case 
of the former the reduction of the C0 2 pressure to zero still leaves the 
serum with a content of 29 vols. of C0 2 . It is of course well known that 
C0 2 cannot be completely removed from serum by the pump. The curve 
S.S. more closely resembles the curve of a sodium bicarbonate solution 
than T.S. because it is more horizontal. The difference between the two 
is that in the case of T.S. the serum has been in equilibrium with the 
corpuscles at each C0 2 pressure. In S.S. this has only occurred at one 
point viz. 44-5 mm. Above this point the true serum contained more 
C0 2 than the separated serum, and below, less C0 2 . This difference of 
behaviour can only be explained by an interchange of acid and basic 
radicles between serum and corpuscles and Hamburger’ s(5n) and 
de Boer’s work (6) points to a migration of Cl and S0 4 ions into the 
corpuscles with rise of C0 2 pressure. 

Now it is quite obvious that a steady migration of these ions alone 
would be impossible as the first ones would form a layer of charged 
particles inside the corpuscles which would prevent the migration of 
others similarly charged. Hence this migration must be accompanied 
by a corresponding migration of hydrogen ions or of OH ions in the 
opposite direction. This would cause an increase in the hydrogen ion 
concentration of the corpuscles at the expense of the serum. De Boer 
has explained the migration of S0 4 ions as a complicated mechanism 



C0 2 IN BLOOD. 


139 


values for p R are slightly larger (more alkaline) than those calculated 
from the CO, content of the whole blood by Hasselbalch’s 1 equation. 
These results are shown in the lower part of Table IV, cols. 2-5. He 
has 'also found that the p n of completely reduced defibrinated whole 
blood is the same as that of the “true serum” using our definition of 
the term. In other words, when the p n of reduced blood is measured, 
what is really measured is the p a of the “true serum” or “true plasma.” 

IVe wish to state the following proposition — that at a given pressure 
of C0 2 the p n of any sample of blood oxygenated or reduced, may be 
obtained by separating off the serum or plasma without loss of C0 2 , 
measuring its C0 2 content and applying Hasselbalch’s formula. In 
support of this proposition there is the parallelism between the C0 2 
dissociation curve of “true serum” and blood which we have found 
(Figs. 1 and 2). Further we have calculated in the upper part of 
Table IV (1) (cols. 2 and 4) the hydrogen ion concentration of the serum, 
which is the same as that of the blood, by applying Hasselbalch’s 
formula to our true serum results, (2) (cols. 3 and 5) the incorrect 
hydrogen ion concentration of the blood by applying the formula, as 
Hasselbalch does, to our results for whole blood. These calculations 
show that the p n ’ s for the true serum are always somewhat higher than 
those calculated from the blood, which agrees with what Parsons found. 

But the final argument in favour of our proposition, is the very 
close approximation of the differences between our calculated p H ’s for 
the true serum of J. J.’s oxygenated and reduced blood, to those actually 
observed by Parsons for his blood. These differences are shown in 
col. C. The mean is the same in each case, viz. 0-033. 

From the physiological point of view it is of interest to notice that 
at 40 mm. the p n of J. J.’s blood (j.e. “true serum”) is 7-32 when 
oxygenated and 7-35 when reduced. It is perceptibly more acid than 
Parsons’ biood but only very slightly more acid than some cases that 
Donegan and Parsons have examined. In subject H. of their paper 
the p n for the reduced blood was 7-36. In the case of W. R. the p B ’ s 
of the oxygenated and reduced blood at 40 mm. were 7-35 and 7-37 
respectively. 

1 It must bo admitted that in Hassclbalch’s paper there is excellent agreement 
between his two seta of figures, viz. those calculated from his formula from the COj 
content of blood, and those actually measured with his hydrogen electrode. This agree, 
ment is probably fortuitous because as Parsons has shown his p tl measurements are 
really too low owing to incomplete reduction of the blood, and his calculated values are 
incorrect owing to the inapplicability of his formula to a mixture of two 4 , % 

such as blood. 
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the time when the blood wap withdrawn from the arm, and its being 
centrifuged. However in the original method described, some escape of 
C0 2 probably did take place, as the blood was not delivered beneath 
paraffin. Our results have shown what a serious error would be caused 
if any appreciable amount of C0 2 was allowed to escape and we think 
this error has probably vitiated some of the results published by other 
authors, since a loss of C0 2 would cause an apparent lowering of the 
alkali reserve and would lead to the conclusion that an acidosis was 
present, which was really not the case. 

Stadie and Van Slyke(i7) have introduced an alternative method 
of determining the alkali reserve, viz. measuring the C0 2 content of the 
venous plasma, the blood being centrifuged beneath albolene. We 
think that this method is also open to grave objections particularly owing 
to the variations in the C0 2 content of the venous blood which has 
already been mentioned. 


The calculation of the C H of blood. 

The importance of the “true serum” C0 2 dissociation curve lies in 
the fact that the hydrogen ion concentration of defibrinated -blood can 
be calculated from it. 

Hasselbalch( 20 ) has stated that assuming 1 that the C0 2 in blood 
is present as bicarbonate, the blood proteins acting solely as acids, the 
H ion concentration can be calculated by the following equation. 


fn—pK ^ log -V- . "-., where pK 1 is a constant, 


which can be obtained from Hasselbalch’s determinations of the 
hydrogen ion concentration of pure sodium bicarbonate solutions; and 
(Bic) and (C0 2 ) represent the molecular concentrations of combined and 
free C0 2 in the solutions under examination. Now blood is a mixture 
of two liquid phases — plasma and corpuscles— separated from one another 
by a semipermeable membrane, and our present experiments show that 
C0 2 is present in both these phases in different concentrations. Further 
the solubility of C0 2 in the plasma and corpuscles is also different. 
Hence it is hardly legitimate, as Hasselbalch has done, to calculate 
the C H of whole blood by a formula which should really only apply to 
a single phase or solution. 

Parsons(U) has found as the result of measuring the C H of the 
“true serum” obtained from oxygenated and reduced blood, that the 


1 The succeeding paper by Campbell and Poulton shows that this assumption is 
justified 
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curve C is obtained by calculation indirectly from curves B and T.S. and 
this agreement shows that our method of calculation is permissible. 

It is noticeable that the true serum curve remains above the blood 
curve and parallel to it up to 600 mm. C0 2 . This means that at these 
high pressures the true serum still contains more C0 2 than the same 
volume of corpuscles. We have shown that at pressures below 100 mm. 
as the C0 2 pressure increases, there is a migration of acid from setum 
to corpuscles, and the problem presented itself to us whether at these 
high pressures a similar explanation was also necessary. To find this 
out we saturated some blood at 404 mm. C0 2 , centrifuged it beneath 
paraffin without loss of C0 2 , and determined the dissociation curve of 
the “separated serum.” This is the curve S.S. of Fig. 3. It is clear that 
this curve cuts T.S. at the point of separation and that below this point 
the separated serum contains much more CO l than the true serum. The 
same explanation must hold in this case as in the case of the serum 
separated at 44-5 mm. In other words we must assume a steady migra- 
tion of acid from serum to corpuscles even when the pressure is raised 


to ten times the physiological level. 

This result is of particular interest in view of the results described 
in the succeeding paper. There it is shown that at 400 mm. the reaction 
of both serum and corpuscles is on the acid side of the isoelectric points 
of their constituent proteins, which means that all the available sodium 
is present as bicarbonate, and that the proteins are combining directly 
with C0 2 , and acting the part of bases. Even under these conditions 
on raising the C0 2 pressure in blood, acid still passes from serum to 
corpuscles. It will probably be found that this interchange which takes 
place on both sides of the isoelectric point has a simplo physicochemical 
explanation on the basis of the envelopes of the red cells acting as 
semi-permeable membranes and of hremoglobin being a stronger acid 
and stronger base than the serum proteinB. However without more 
experimental evidence on the subject further speculation is unprofitable. 

It is of interest to compare the dissociation curve of J. J.’s defi- 
brinated blood with other results already published. Van Slyko and 
Cullen and HaBsolbalch and Warburg, have both published curves 
for ox blood. The three curves are compared in Table VI. There is 


fairly good agreement between Hasselbalch and Warburg’s results 
for ox' blood and our results for J. J.’s defibrinated blood. The dis-. 


crepancy between Van Slyko and Cullen’s results and those’ 
Hasselbalch and Warburg, both of them for ox blood, w 0 "'' 1 
to be much too great to be explained ns due to normal w 
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The C0 2 dissociation curve of true serum and blood at high C0 2 pressures. 

From the theoretical point of view it was of interest to investigate 
the partition of C0 2 between serum and corpuscles at pressures above 
100 mm. J. J.’s oxygenated blood was used in these experiments. 

Our best thanks are due to Mr Campbell who kindly gave us some 
help. The actual determinations are given in Table V. The few heerna- 
tocrit determinations which were made showed that the volume of the 



Fig. 3. Ordinate, C0 2 vol. Abscissa, C0 2 pressure, mm. 

• Defibrinated blood. Corpuscles in 100 c.c. blood. 

O True serum. + Separated serum. 

corpuscles had a mean value of 53-5 p.c. and this has been used in making 
the calculations. The actual determinations and the curves are shown 
in Fig. 3 and in Table V. It is to be specially noted that these deter- 
minations and curves represent combined C0 2 and thus differ from the 
preceding experiments in which tbe total C0 2 was dealt with. B. and T.S. 
are dissociation curves giving the combined C0 2 in 100 c.c. blood and 
true serum and C shows the combined C0 2 in the corpuscles of 100 c.c. 
blood. Some actual measurements of the C0 2 content of the corpuscular 
mixture obtained after centrifuging are also shown in the figure. On 
the tvhole they agree very well with curve C, which is satisfactory because 
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of corpuscles and plasma in the blood. The “difference columns” in 
Table II show that there is a gradually increasing difference with rise 
of C0 2 pressure between the C!0 2 in oxygenated and reduced corpuscles 
(col. 11) and also between the cori esponding true serums or true plasmas 
(col. 8). Taking the sum of these differences for comparison, it is shown 
that in the case of J. J.’s defibrinated blood, the value for the corpuscles 
in 100 c.c. blood is 28-4 and for serum 13-6. The former figure is more 
than double the latter. This is of considerable physiological significance, 
because it means that on nearly complete reduction of the blood, the 
corpuscles take up about twice as much C0 2 as the plasma; on oxy- 
genation the process is reversible. The corresponding numbers for W. R. 
are 15-25 and 10-15, the ratio between these numbers being 1-5. This is 
less than the previous ratio because the corpuscular volume in 100 c.c. 
was considerably less than the plasma volume. In cases of anaemia 
when the corpuscular volume is very much reduced it is clear that 
actually more C0 2 will be taken up by the plasma than by the corpuscles. 

The meaning of these results is clear. Oxyhcemoglobin is a con- 
siderably stronger acid than reduced hemoglobin, so that oxygenation 
by itself drives out C0 2 from the red corpuscles. ‘If this were the only 
thing that happened we should expect that if the C0 2 pressure were 
kept constant the corpuscles alone would show a difference in C0 2 
content on oxygenation, the plasma C0 2 remaining constant. This 
however is not the case. In J. J.’s defibrinated blood at 40 mm. the 
Teduced corpuscles and serum contain respectively 22-4 and 28 p.e. C0 2 . 
The oxygenated corpuscles and serum contain 19-1 and 25-9 p.c. C0 2 . 
Hence oxygenation of the haemoglobin drives out C0 2 from the serum 
as well as from the corpuscles but not to such an extent in the former 
case. 

The only possible explanation is that oxygenation causes a diffusion 
of acid from corpuscles to plasma, or, conversely, a diffusion of base 
from plasma to corpuscles. The reason for this interchange is clear. If 
htcmoglobin could diffuse out into the plasma, oxygenation would cause 
this diffusion to take place, since this process causes an increase in the 
C H inside the corpuscles and there would be a tendency to equalise the 
C n on each side of the corpuscular envelope. Since htcmoglobin is 
indiffusible this tendency to the equalisation of the C0 2 is brought about 
by the diffusion outwards of other acids which are diffusible or the 
diffusion inwards of diffusible bases. „ 

These considerations point to the extreme complexity of the factors- 
influencing the interchange between corpuscles and plasma actually 
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Hasselbalch and Warburg’s and our results agree fairly well the 
presumption is that Hasselbalch and Warburg’s results are the more 
correct. Van Slyke and Cullen express their results in “Molecular 
concentration of chemically bound C0 2 in solution.” We have expressed 
them as percentages, assuming that 0-01 on their scale represents 22-4 c.c. 
per 100 c.c. of solution. 

Straub and Meier( 2 i) have stated that at somewhere about the iso- 
electric point of haemoglobin the direction of the dissociation curve of 
blood suddenly alters, because each molecule of haemoglobin take3 up 
one molecule of C0 2 in direct combination. Their curves appear to us 
very unconvincing and the changes of direction described well •within 
the error of experiment, especially as they used minute volumes of blood 
for their determinations. They also took no account of the partition 
of C0 2 between corpuscles and plasma. 

The transport of C0 2 by the Hood in the hody. 

So far we have dealt with the amount of C0 2 combined in serum and 
corpuscles, but this gives no information as to which of these two 
substances is chiefly concerned with the transport of C0 2 in the body. 
In the tissues the blood receives C0 2 and gives up oxygen; in the lungs 
the blood gives up C0 2 and receives oxygen. Does this interchange of 
C0 2 (i.e. the transport of C0 2 ) take place chiefly in the plasma or chiefly 
in the corpuscles? 

We have attempted to answer this question. The problem is by no 
means an easy one because^ the difference in the C0 2 content of the 
oxygenated and reduced blood is small, varying in our experiments from 
about 5 to 9 vols. p.c. depending on the pressure of C0 2 . Again although 
he C0 2 of the plasma is determined directly, the C0 2 in the corpuscles 
is the difference between two measurements, and the errors of experi- 
ment are magnified. We have diminished the effect of experimental 
error as far as possible by making numerous observations. We have 
further made a few observations on J. J.’s oxalated blood and have 
examined more fully the oxalated blood and plasma of W. It. a patient 
suffering from tabes dorsalis. The detailed results are given in Tables 
VII and VIII. They are summarised in Table II. 

In comparing the C0 2 in corpuscles and plasma, it is possible to deal 
either with the C0 2 in 100 c.e. corpuscles and plasma, or with the cor- 
puscles and plasma in 100 c.c. blood. The latter is the more physiological 
comparison and is the one adopted here. In the case of J. J.’s defibrinated 
blood it makes very little difference, since there are nearly equal volumes 
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in reduced defibrinated blood, but the difference is hardly outside the 
experimental error. There is no noticeable difference in the case of the 
oxygenated blood. 

In our preliminary communication (8) 1 , we pointed out that the re- 
duction of blood caused the corpuscles to take up about twice as much 
C0 2 as the plasma, and so we concluded that the transport of C0 2 in 
the blood was carried out chiefly by the corpuscles. Although this con- 
clusion is in the main correct, there is no doubt that the part played 
by the corpuscles is exaggerated by the figures in Table II, because in 
the body the blood is never reduced to anything like 10 p.c. oxygen 
saturation. In order to try to get a true picture of what actually takes 
place in the body we have made a similar calculation to that of 
Christiansen, Douglas and Haldane, an example which Parsons 
has also followed in calculating the change of p H in the circulating blood. 
J. J.’s blood was used for this calculation because the curves are prob- 
ably more accurate than those of W. It. J. J.’s oxygenated blood at 
40 mm. which is taken as the arterial tension, contains 45 c.c. C0 2 . This 
is marked as Xin Pig. 2. Similarly the corresponding true serum contains 
52-8 c.c. This is marked as Y. For simplicity it is assumed that the 
arterial blood is fully saturated with oxygen so that X and Y represent 
the arterial blood at 40 mm. Now the oxygen capacity of J. J.’s blood 
was 18-7 p.c. Eeduction of 100 c.c. blood to 10 p.c. saturation will yield 
16-83 c.c. 0 2 and in addition practically all the oxygen in solution, viz. 
0-17 c.c. in all 17 c.c. If all this oxygen were used up in the body 14-0 
C0 2 would be formed, if the s.Q. is 0-82. 

On the other hand if the blood were completely reduced in the body 
the amount of C0 2 formed would be 15'5G c.c. Under physiological 
conditions blood is- never completely reduced in the body. Lunds- 
gaard( 22 ) has shown that the oxygen unsaturation in the venous blood 
of the arm is a variable quantity but that usually the percentage un- 
saturation is not greater than 40 p.c. so that the actual increase of C0 2 
in the venous blood would be 6-2 c.c. the total volume in the venous 
blood being 51-2 c.c. 

In Pig. 2, curve B corresponds to 10 p.c. oxygen saturation; it has 
been pointed out that this corresponds to an addition of 14 c.c. C0 2 
so that the blood at this saturation would contain 59 c.c. C0 2 . On the 
curve the pressure at this point is 57 mm. and at this pressure the true 
scrum contains 06 c.c. Pine lines have been drawn between these points 

1 It should bo noted that we have since slightly altered the lowest part of the curvo 
for J. J.*s reduced blood. 


nr. Lrv. 


10 
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occurring in the body, when the blood passes through the lungs or 
enters the tissues. In the latter case the increase in the-C0 2 tension 
causes by itself a diffusion of acid into the corpuscles, as was pointed out 
previously, while the partial reduction of the haemoglobin intensifies 
this process. 

It has already been mentioned that the reduced blood in our experi- 
ments was on the average about 10 p.c. saturated with oxygen. It would 
be natural to suppose that as blood gradually becomes oxygenated at 
constant C0 2 pressure, there is a gradual diminution in the C0 2 content 
of the corpuscles and plasma throughout the whole extent of the process, 
but this requires proof because it might be possible that both in our 
experiments and those of Christiansen, Douglas and Haldane, the 
loss of C0 2 occurred and was practically complete right at the beginning 
of the oxygenation and that over the physiological range oxygenation 
produced no change. 

Fortunately we have some experiments, all carried out on the same 
date, with J. J.’s defibrinated blood which show that the former is the 
correct interpretation. The results are shown in Fig. 3 by short hori- 
zontal lines for the C0 2 of blood and short vertical lines for the C0 2 
of the serum. The details are given in Table I. When the oxygen 
saturation of the blood was 61*1 p.c. the combined C0 2 of the blood and 
serum was 57-6 and 65-4 c.c. at 67-6 mm. This is shown in the figure 
by the right-hand short horizontal and vertical lines. They are decidedly 
above the corresponding curves for fully oxygenated blood and serum. 
With an oxygen saturation of 42-6 p.c. the left-hand vertical and hori- 
zontal lines at 10-9 mm. are placed still higher in the diagram, the value 
for blood now coinciding with the true serum curve. When the oxygen 
saturation was reduced to 10 p.c. the blood value at 37-3 mm. was 
actually 4 vols. above the true serum curve. The serum result was 
lost in this experiment. Hence we may conclude the C0 2 content 
of blood and serum increases pari passu with the reduction of the 
haemoglobin. 

It is of interest to compare the observations on J. J.’s oxalated blood 
from the point of view of the effect ‘of removing fibrinogen on the C0 2 
content of the blood. The observations on the oxalated blood and 
plasma are specially marked with crosses in Figs. 1 and 2. It is seen that 
oxalated plasma has a distinctly higher C0 2 combining power than the 
“true serum.” On the other hand the difference between the C0 2 com- 
bining power of defibrinated and oxalated blood is by no means so 
obvious. Slightly more C0 2 is combined in reduced oxalated blood than 
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since venous blood is usually not more than 40 p c. unsaturated, the 
transport of CO, is carried out by corpuscles and plasma in nearly equal 
proportions. 

(5) On reduction of blood there is a migration of acid from corpuscles 
to plasma. 

(6) The best method of determining the alkali reserve of the plasma 
is to measure the C0 2 content of the true plasma of oxygenated blood 
at 40 mm. 
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Table I. Defibnnated blood (J. J.) 




Combined CO, 

in 100 c c “True 

Per cent. 

log R 

CO. pressure 

in 100 c c. blood 

Serum” 

saturation 

mm. 

c c. 

c c. 

with oxygen 

299 

10 9 

29 4 

355 

42 0 

2*45 

37 3 

61 8 

— 

10 0 

2*10 

G7G 

57 G 

65 4 

01 1 

10—2 
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X-and Y and they represent the condition of blood and true serum on 
gradual reduction to 10 p.c. oxygen saturation. 

In the body the venous blood contains 51-2 c.c. and is represented 
by the point X'. The condition of venous true serum will be Y', i.e. 
58-8 c.c. The pressure being 47-7 mm. 

The volume of C0 2 in the plasma of 100 c.c. venous blood will be 
28-9 c.c. and the C0 2 in the corpuscles will be 22-3 c.c. In the arterial 
blood the corresponding figures are 25*9 and 19-1. Hence as the blood 
becomes venous the plasma will take up 3-0 c.c. and the corpuscles 
3*2 c.c. which means that for all practical purposes there is very little 
difference between the corpuscles and plasma as transporters of C0 2 . 

• When this research was started the attempt was made to decide the 
relative importance of corpuscles and plasma in the transport of C0 2 
by analysing arterial and venous blood and the corresponding plasmas. 
Laidlaw and Poult on carried out a number of observations on oats 
the blood being received into oxalated cannulas and delivered beneath 
paraffin into centrifuge tubes. Two observations were also- made on 
human subjects. It became clear however, that the differences found 
had nearly the same magnitude as the experimental error and so this 
plan was dropped, and the method just described of determining the 
complete dissociation curves of oxygenated and reduced blood and 
plasma was adopted instead. 

Conclusions. 

(1) The dissociation curves of oxygenated blood and of blood reduced 
to 10 p.c. oxygen saturation and the corresponding ,f true plasma” curves 
have been determined. At all pressures of C0 2 up to 600 mm. the “true 
plasma” contains more C0 2 than the corpuscles in equilibrium with it. 

(2) As the pressure of C0 2 increases there is a steady migration of 
acid from the plasma into the corpuscles, so that the dissociation curves 
of the plasma and the corresponding corpuscles are quite different from 
the dissociation curves of separated plasma and separated corpuscles. 

(3) The C H of blood whether oxygenated or reduced can be deter- 
mined by measuring the C0 2 content of the true plasma at a given C0 2 
pressure and applying Hasselbalch’s formula. 

(4) ' Reduced corpuscles and reduced true plasma contain respectively 
more C0 2 -than oxygenated corpuscles and true plasma, the difference 
between the corpuscles being greater than the difference between the 

’plasmas; so that if the venous blood were completely reduced, the 
'transport of C0 2 would be carried out chiefly by the corpuscles. However 
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Table XV. The calculated C n of J. J.’s defibrinated blood. 


Oxygenated blood Reduced blood 

a. 


co 2 

pressure 

P n calculated 
from 

p n calculated 
from 

p n calculated 
from 

p a calculated 
from 

Difference 

mm. 

“true serum’’ 

blood 

“true serum’’ 

blood 

Cols. 2 and 4 

20 

7-51 

7*45 

7-55 

7-52 

0-04 

40 

7-32 

7-27 

7-35 

7-32 

0-03 

50 

7-25 

7-22 

7-28 

7-26 

0 03 

GO 

7-20 

7-16 

7*23 

7-21 

0 03 


Mean 0 033 

The C H of Parsons’ defibrinated blood. 


Pa 

“true serum" 

Pa 

calculated 

Pa Pn 

“true serum" calculated 


observed 

from blood 

observed from blood 

20 

7-575 

7-52 

7-G2 


7-56 0-045 

40 

7-38 

7-30 

7-41 


7-34 0-03 

50 

7-315 

7-24 

7-34 


7-27 0-025 

GO 

7-20 

7-20 

7-29 


7-23 0 03 


Table V. 

Defibrinated 

blood (J. J.). 

Mean 0 033 

Temp, of bath 38° C. 

Date 

Combi Ded 
COj 

per 100 c.c 

Combined 

CO, 

per 100 c,c. 
“true serum" 

Combined 

CO, 

per 100 c.c. 

CO, 

Percentage 
\oL or 

O, corpuscles 

blood 

corpuscles 

pressure 

pressure by liscmato- 

1919 

C.C. 

C.C. 

cc. 

mm. 

mm. exit 

Sept. 10 

— 

76-3 

— 

124-7 

150 appror. 52 

Oct. 16 

— 

G7-7 

— 

105-0 

1 

>, 

G2-6 

— 

— 

149 0 

” j-54-8 

„ 

67-1 

77-2 

— 

156-0 

„ 

68-5 

81*5 

— 

180 0 

» J 

Oct. 23 

63-3* 

73-8 



110-3 

47*1 52-3 

Nov. 28 

70 3 

76-4 

62-5 

157-0 

150 approx. 53-4 

,» 

00 0 

97-5 

73-6 

376-3 

„ 63-1 

i. 

100-3 

108-9 

— 

610 0 

„ 61-5 

1M0 

March 24 

• 84-7 

97-2 

81-5 

278-0 


o 

95-8 

100-5 

88-5 

477-0 

*» — 

»» 

-t 

08-2 

— 

404-0 

„ — 



Combined 

CO, 

per 100 c.c. 
'separated 
serum” 

76-2 


3-7 

Mean 53-5 

H 

— 

91-7 

— 

55-1 

„ — 

If 

— 

97-4 

. — 

226-0 

„ — 

I, 

— 

103-5 

> 

430 0 

— 

March 25 

— 

03-2J 

— 

188-0 

M — 


* Hb 70 n.c. saturated with 0*. 

t 42 c.c. Wood used. It was delivered beneath paraffin, and centrifuged. The “sepa- 
rated serum’’ was used for tho subsequent five determinations. 
t Separated serum kept over night in tho cold. 
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Table II. The partition of CO. between plasma and corpuscles in oxygenated 

and reduced blood. 


I. J. J.’s defibrinated blood (mean hsematocrit value =50-93). 


1 

CO. 

2 3 -J 

CO. 

CO. 

in 100 c c.' blood inl00cc - 

— — JL 

5 

(serum 

1 plasm a 

6 7 

CO. 

(serum , 
ln 1 plasma 

100 c c. blood 

8 

9 10 

CO. 

in corpuscles of 
100 c.c. blood 

11 

pressure 

O.Hb 

Bed Hb. 0,Hb. Bed Hb 

O. Hb. 

Bed Hb 

Differ- 

0. Hb. 

Bed Hb. 

Differ- 

mm. 

C.C. 

c c. 

c.c. 

C.C. 

C.C. 

c.c. 

ence 

c.c. 

C.C. 

ence 

10 

22-4 

27-0 

29-9 

32-0 

14-7 

15-7 

1-0 

7-7 

11-3 

3-6 

20 

31-8 

37-3 

39-3 

43-4 

19-3 

21-3 

2-0 

12-5 

16-0 

3-5 

30 

39-0 

44-5 

46-8 

50-7 

23-0 

24-9 

1-9 

16-0 

' 19-6 

3-6 

40 

45-0 

50-4 

52-8 

57-1 

25-9 

28-0 

2-1 « 

19-1 

22-4 

3-3 

55 

52-3 

58-1 

61-0 

65-1 

29-9 

31-9 

2-0i 

22-4 

26-2 

3-8 

70 

58-5 

65-0 

67-8 

72-0 

33-3 

35-3 

2-0 

25-2 

29-7 

4-5 

90 

64-3 

73-0 

74-1 

79-5 

36-4 

39-0 

2-6 

27-9 

34-0 

6-1 








13-6 



28-4 



II. J. 

J.’s oxalated blood (mean hsematocrit value =44-5) 


40 

44-5 

52-3 

58-0 

63-5 

32-1 

35-2 

3-1 

12-4 

17-1 

4-7 

55 

51-1 

60-0 

69-0 

71-5 

38-2 

39-6 

1-4 

12-9 

20-4 

7-5 








4-5 



12-2 


III. W. 

R.’s oxalated blood (mean bmmatocrit value =39-77). 


15 

32-0 

33-7 

37-6 

41-8 

22-6 

25-15 

2-55 

9-4 

8-55 

-0-85 

25 

38-8 

44-3 

47-5 

51-6 

28-55 

31-05 

2-5 

10-25 

13-25 

3-0 

35 

45-3 

52-1 

54-4 

58-3 

32-7 

35-1 

2-4 

12-6 

17-0 

4-4 

45 

51-1 

56-7 

61-2 

62-8 

36-8 

37-8 

1-0 

14-3 

18-9 

4-6 

60 

57-4 

60-3 

66-2 

67-8 

39-8 

40-8 

1-0 

17-6 

19-5 

1-9 

75 

60-0 

62-9 

68-8 

70-0 

41-4 


0-7 

18-6 

20-8 

2-2 


10-15 15-25 


Table III. “Separated plasma” from J. J.’s defibrinated blood. 


CO, 

per 100 c.c. 
“separated 

C0 3 

0 2 

Temp, of 


-plasma” 

pressure 

pressure 

bath 


c.c. 

mm. 

mm. 

°C. 


31-8 

1-8 

150 approx. 

38 

All the results in column 2 are the 

43-7 

12-2 

tt 

ft 

mean of two closely agreeing dupli- 

48-3 

21-1 

ft 

ft 

cate analyses 

53-7 

42-0 

ft 

ft 

From Fig. 1 it is deduced that the 

59-6 

67-2 

ft 

it 

plasma was separated from the cor- 

63-0 

79-0 


ft 

puscles at a pressure of 44-5 mm. CO 
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Table VIH Oxalated blood (J J ) 




Total 

Total 


Fercentasre 




CO, 

CO, 



vol of Tempera 



per 100 c c. 

per 100 c.c. CO, 

0 2 corpuscles tare of 

Date 


blood 

true plasma pressure 

pressure by hfima 

bath 

1919 


C.C. 

C.C. 

mm 

ram 

toent 

•c 

June 

G 

37 2 



24 8 

150 approx 

— 


„ 


42 G 

— 

36 0 


— 




58 5 

— 

75 2 

»» 

— ' 


„ 


G3 2 

— 

91 5 

>* 





26 4 

— 

13 1 

>» 

— 




48 0 



50 3 


— 


July 

23 

62 8 



40 9 

16 7 




64 2 



64 3 

10 





73 7 



88 2 

6 2 



” 


— 

51 41 
64 2 j 

24 0 

78 

•45 1 

38 0 





63 4 

39 8 

59 







57 G 

43 5 

150 



July 

30 

— 

61 2 

38 7 

„ 

43 7 






GSO 

53 6 


_ 


„ 




71 3 

56 4 

10 

43 2 





73 5 

57 1 

— 

43 2 







(Mean] 

44 52 




Oxalatcd blood Subject W R (Tabea, -fWasserraann) 


April 

1 

32 5 

46 8 

21 3 

150 approx 

42 7 

37 7 

April 


40 8 

54 7 

39 3 

46 8 

„ 

8 

58 0 

65 8 

62 0 

, 

34 5 

37 8 

April 


49 0 

53 7 

34 1 

„ 

34 6 

M 

15 

— 

37 9 

16 9 


37 5 

M 



45 2 

— 

42 6 


37 5 

37 7 

April 

29 

51 G 
643 

G3 3 
65 2 

47 8 

„ 

38 3 

38 0 

May 

G 

61 0 

68 0 

G8 4 
69 1 

74 5 

i, 

39 6 

37 8 

May 

13 

35 8) 

33 ij 

— 

15 9 


38 1 

37 5 

May 

22 

29 7 

35 3 

13 0 

w 

41 6 

38 0 

Apnl 

15 

59 9 

G3 2 

540 

27 

40 2 

38 2 

May 

13 

39 5 

— 

21 5 

90 

40 6 

38 0 



47 2 

65 3 

29 9 

91 

39 8 

37 5 

it 


59 3 

65 6 

44 3 

10 5 

42 8 

38 0 



GOO 

65 5 

644 

89 

39 8 

37 5 

May 

22 

32 2 

38 8 

12 6 

42 

38 7 

38 0 

» 


50 2 

55 3 

30 0 

40 

37 5 

M 

•» 


GO 7 

74 2 

721 

32 

45 3 

„ 


(Mean) 39 77 
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Table VI. Combined CO. in 100 c.c. oxygenated blood. 


co.‘ 

J. J. 

Ox blood 
Hasselbalch 
and Warburg 

Ox blood 
Van Slyke 
and Cullen 

mm. 

c.c. 

c.c. 

c.c. 

76 

54-5 

49-0 

86-3 

152 

70-0 

64-0 

96-0 

228 

79-3 

72-5 

103-5 

304 

85-3 

79-0 

108-5 

3S0 

90-0 

84-0 

113-0 


Table VII. Defibrinated blood (J. J.). 



Total 

Total 



Percentage 


Calculated 


CO.. 

CO. 



vol. of Tempora- 


per 100 c.c. 

per 100 c.c. 

CO s 

o 2 

corpUsdles 

ture of 

% satura- 

Date 

blood 

" true serum ” 

pressure 

pressure 

by 

bath 

tion with 

1919 

C.C. 

C.C. 

mm. 

ram. 

tocrit 

°C. 

o. 

Aug. 4 

30-7 

36-1 

19-7 

150 approx. 

48-0 

j 



42-3 

49-9 

34-6 

99 

50-5 



» 

— 

47-7 

38-3 

99 

49-5 

> DO U 


tj 

47-5 

— 

50-2 

99 

50-5 j 

1 


Sept. 3 

24-7 

33-5 

12-9 

99 

47-0 

37-8 


9) 

47-8 

55-2 

44-4 

99 

50-7 

37-5 


99 

— 

62-8 

57-6 

99 

53-0 

37-8 


Sept. 6 

14-0 ' 

21-7 

4-0 

99 

— 

38-0 


99 

67-0 

— 

65-3 

99 

— 

99 


99 

— 

73-3 

83-7 

99 

— 

99 


Sept. 16 

17-1 

26-7 

5-0 

99 

52-0 

99 


99 

— 

69-5 

6S-6 

99 

52 -5 

99 


99 

61-5 

— 

82-2 

99 

54-0 

99 


Oot 16 

51-5 

62-5 

5S-0 

99 

l >1A.R 



>9 

— 

66-1 

72-1 

99 

r 0*± O 

99 


Nov. 27 

37-7 

45-2 

24-9 

99 

49-6 

99 


99 

— 

70-3 

81-0 

99 

49-9 

99 


Nov. 28 

58-4 

— 

67-8 

99 

52-3 

99 






(Mean) 51-29 



1920 

Aug. 4 

43-0 

49-3 

27-6 

8-6 

46-5 1 


7-90 

99 

49-8 

53-2 

57-1 

62-8 

36-8 

50-5 

8-1 

14-0 

48- 5 1 

49- 2 | 

38-0 

5-01 

10-20 


60-3 

71-9 

70-1 

10-0 

47-0 J 


3-99 

Sept. 3 

35-4 

3S-1 

15-0 

6-2 

50-0 

37-8 

5-6 


48-S 

57-2 

41-7 

4-9 

47-1 

37-8 

1-2 


53.-6 

61-4 

47-0 

7-0 

52-6 

37-8 

2-5 

Sept. 16 

28-7 

28-7 

9-9 

13-0 

50-0 

38-0 

23-0* 


56-6 

61-3 

55-7 

16-9 

48-1 

99 

19-0 


69-2 

72-0 

77-7 

19-0 

51-6 

99 

13-6 


73-8 

76-2 

92-7 

— 

51-8 

99 

— 

Oct” 9 

36-6 

43-0 

19-4 

12-7 

50-0 

99 

22-4 


46-2 

— 

30-9 

12-7 

58-8 

99 

17-0 




68-3 

53-8 

13-5 

54-5 

37-2 

12-0 

99 

67-3 

77-6 

76-8 

18-0 

53-0 

99 

12-0 





(Mean) 5C‘5S 

(Mean) 

11-0 


* Value obtained experimentally. 
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action, and stands or falls with these two principles. According to the 
theory their behaviour depends on the hydrogen ion concentration, the 
substance acting as a base in an acid medium and acting as an o cl, l 
when the hydrogen ion concentration is diminished. The isoelectric 
point when the substance is neutral, lies at an intermediate Cm 
Michaelis and others(iO) have determined the isoelectric points of 
hemoglobin and various serum proteins, and in every case they are 
more acid than the normal reaction of the blood. Hence if these deter- 
minations are accepted these proteins must act as acids in the blood, 
and only act as bases when the C n is much greater than ever occurs in 
the body. 

There has been a tendency to regard the behaviour of plasma towards 
acids as identical with that of a solution of sodium bicarbonate. This 
has been strenuously opposed by Moore(ii) as the result of his early 
work on the “reactivity” of the plasma. 

The theory of direct combination of C0 2 with protein and especially 
with haemoglobin, has received a fresh impetus from Buckmaste r ’ s 
work ( 12 ). He dialysed red blood corpuscles for varying lengths of time, 
and found that they took up more C0 2 than could be accounted for by 
simple solution in the mixture. The amount of combined C0 2 increased 
with the htomoglobin content of the mixture, and with the tension of 
GO, to which, ths wi-Kbuxc. was. e.v.'yxwxd.. Eu.c.km.o.s.tor hmxac.lt x''as 
doubtful whether this reaction played a great part in the body, beca use 
it was only at relatively high pressures of C0 2 that much C0 2 was actually 
taken up in combination. However Bayliss(l3) in a very recent paP or 
considers that carbon dioxide is carried by hiemoglobin. He also dialy 8c d 
serum against sodium bicarbonate containing an excess of free C0 3 80 
as to ensure that there was no normal sodium bicarbonate present, and 
under these conditions, which resemble the conditions found in the boHy> 
ho found that no C0 2 was chemically combined with the serum protem. 
He also states that the serum proteins do not act as acids; but we <1° 
not think his experiment (p. 17G) is very conclusive, because actually 
less C0 2 was found in the serum and bicarbonate mixture than in the 
bicarbonate solution alone. YVe shall describe a somewhat similar cx " 
periment. 


Experiments with dialysed red cells. 

On the balance of evidence so far presented we inclined to the view 
that all the C0 2 is present as bicarbonate, the blood protein and ■ 
ticularly htemoglobin playing the part of acids. It was impo^ 
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The relation of the blood proteins to the transport of the C0 2 by the 
blood is a problem that has been much debated. In the main there are 
two opposing views on this subject. According to one view the C0 2 is 
partly present as sodium bicarbonate, and partly united to the proteins 
by chemical combination or adsorption. According to the other view, 
the C0 2 is present altogether as alkaline bicarbonate, while the proteins 
act as acids, and thus compete with the C0 2 for the alkali, the amount 
of sodium bicarbonate depending on the concentration of the C0 2 
according to the law of mass action. 

The early history of the controversy (l — 4) has been described fully 
by Loewy, who inclines to the first of these two views as representing 
the actual conditions in the body. However during recent years many 
workers (7, 8) have adopted the view that most of the C0 2 is present as 
bicarbonate, the proteins acting as acids. This is largely due to pioneer 
work of L. J. Henderson(5). Hasselbalch(6) using improved methods 
introduced his well-known formula for the hydrogen ion concentration 
of the blood. This has been considered by Joffe and Poulton(i4). 

The theory of amphoteric electrolytes established by James 
Walker (9),. follows directly upon the ionic theory and the law of mass 

1 The expenses of this investigation were defrayed by a Government Grant from the 
Eoyal Society. 
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actually combined with hemoglobin is shown in col. 4. It varies from 
' 15-8 c.c. p.c. at 74-9 mm. up to 39-6 c.c. at 805 mm. As a control of our 
method of analysis we have placed lower down in Table J four deter- 
minations of the amount of C0 2 taken up by distilled water at 38° C., 
and we have placed beside them for comparison the amounts calculated 
from the known solubility of C0 2 in water. 

Table I. Vol. CO, in dialysed haemoglobin solution at varying CO, pressures at 38° C. 


100 c.c. hemoglobin solution contain 


co 2 


Total CO, Dissolved 

CO, Combined 

mm. 


c.c. 

c.c. 


c.c. 

74-! 

9 

210 

5-2 


15 8 

112 


28 6 

7-8 


20 8 

329 


49-6 

22 9 


26-7 

803 


95-6 

56 0 


39 6 


Vol. 

CO, in distilled water at 38° C. 





CO, 

calculated from 


co, 

CO, found 

known solubility 


mm. 

c.c. 


c.c. 



79-2 

8-7 


5-8 



217-G 

21-8 


1G0 



415-2 

27-8 


30 3 



570 6 

43 2 


41-7 



Parsons(S) has explained Buckmaster’s results by supposing that 
during dialysis’ the solution of corpuscles which originally contained 
NaHC0 3 lost C0 2 , so that some sodium hydrate combined with the 
hrcmoglobin. He suggested that on saturating with C0 2 the hemo- 
globin would give up its soda again and bicarbonate would be formed. 
This explanation will not apply to our experiments because the weight 
of ash found was 0-20 and 0TC gms. p.c. respectively in the samples of 
hemoglobin used. However calculation Bhowed that the hemoglobin 
solution contained 0-21 gm. of Fe 2 0 3 per 100 c.c. which corresponds 
pretty well with the actual values of the ash found. 

Now we agree with Buckmaster that the CO„ is actually combined 
with the hemoglobin and also probably with the protein of the stroma 
of the corpuscles, but our explanation is that these solutions are so acid 
that hemoglobin being an amphoteric electrolyte is acting as a base. 
A simple calculation will indicate the actual hydrogen ion concentra- 
tion of a solution of C0 2 in water. The reaction is represented by 
H -f HC0 3 :p±; H 2 C0 3 . By the law of mass action (H)- = K (C0 2 ) where 
(II) and (C0 2 ) arc the molecular concentration of the hydrogen ions and 
dissolved C0 2 and K is the first dissociation constant of carbonic acid, 
which is 4-15 10~ 7 at 38° C. according to Milroy(io). Suppose we cal- 
culate (H) for a solution under a pressure of 40 mm. C0 2 , which is about 
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settle this question definitely, because Joffe and Poulton ( 14 ) have 
shown that Hasselbalch’s formula can be applied to determine the C H 
of blood by determining the C0 2 content of the “true plasma” or “true 
serum” at a given C0 2 pressure. Hasselbalch’s formula is only correct 
if all the C0 2 is present as bicarbonate. After we had carried out most 
of the experiments in this paper, we noticed a single uncontrolled ex- 
periment in one of Hasselbalch’s papers (G) bearing on the same point. 
He used washed ox corpuscles dialysed for only three hours, and to this 
a solution of sodium bicarbonate was added, so that the solution was 
•025A 7 . He then exposed the solution to three separate pressures of C0 2 
and estimated respectively the content of C0 2 . At pressures below 
90 mm. the solution contained less C0 2 than corresponded to -025A 7 
NaHC0 3 , and the only possible explanation of this phenomenon is that 
the haemoglobin acted as acid. 

The importance of this question warrants a full investigation, and 
for this purpose we have used exclusively human blood. In some 
experiments blood from a case of myocardial degeneration was used. 
The patient showed some breathlessness but no cyanosis. In other ex- 
periments blood came from three normal individuals. The results of the 
different series agreed well together. The blood was defibrinated and 
centrifuged; the serum removed and the corpuscles washed with 0-9 p.c. 
sodium chloride solution. The corpuscles were dialysed against distilled 
water for 5-6 days. At the end of dialysis there was no perceptible 
cloud with silver nitrate and nitric acid. This method was very similar 
tb that used by Buckmaster. In all the experiments the solution used 
contained 52 p.c. haemoglobin, as tested by a specially standardised 
Haldane’s haemoglobinometer. This corresponded to 10-85 vols. of 
oxygen per 100 c.c. 

Our first experiment (Table I) was undertaken to confirm Buck- 
master’s results. The solution of haemoglobin in distilled water was 
exposed to various pressures of C0 2 at 38° C., and the total C0 2 deter- 
mined by Yan Slyke’s apparatus, as described by Joffe and Poulton. 
Joffe and Poulton found that in defibrinated blood the red blood 
corpuscles occupy about 50 p.c. of the total volume. Hence the haemo-. 
globin value of red corpuscles on Haldane’s haemoglobinometer scale is 
200 p.c. We were using a 52 p.c. solution of haemoglobin. Now the 
solubility of C0 2 in red corpuscles at 38° C. is 0-45 (Bohr(i5)), and in 
distilled water 0-555. The solubility in our solution falls somewhere 
between these two values; it was calculated as 0-527. The dissolved C0 2 
(Table I, col. 3) has been calculated from this coefficient. The C0 2 
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at pressures varying from 4-8 mm. up to 596-4 mm. The results for the 
combined C0 2 are plotted out in Kg. 1. The interrupted line represents 
the C0 2 in the corresponding pure sodium bicarbonate solution. 

Table III. Vol. CO, in solution of dialysed hemoglobin and JSTaHCOj at 
varying CO, pressures. 

100 c.c. solution contain 


CO, 

Total CO, 

Dissolved CO, 

Combined CO. 

nun. 

c.c. 

c.c. 

c.c. 

4*8 

52*6 

0-3 

. 62*3 

4-9 

52-4 

0-3 

52-1 

no 

58-3 

0-8 

67*5 

21*9 

04-8 

1*5 

03-3 

40-7 

76*7 

2-8 

72-9 

43-C 

79*5 

3-0 

70-5 

50-7 

79-0 

3-5 

75*5 

52-5 

73-9 

3-7 

70-2 

781 

70-5 

5*4 

74*1 

85-5 

85-8 

GO 

79-8 

900 

83*4 

6-3 

77*1 

110-5 

100 0 

7-7 

92*3 

119-8 

94-6 

8-3 

86-3 

151*4 

104-0 

10-5 

93-5 

221*9 

114-5 

15-4 

99-1 

220 -7 

1136 

15-8 

97-8 

310-4 

123-5 

21*6 

101*9 

338-0 

130-6 

23*5 

107*0 

*435-3 

140-3 

30-3 

110-0 

590-4 

153-7 

41*5 

112*2 



Fig. 1. Ordinate, percentage vol. CO,. Abscissa, CO, press, mm. 
• ISiaHCO, + dialysed Hemoglobin. 

Interrupted curve, N&HCO, alone. 
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the pressure in the arterial blood. Then the C0 2 dissolved is 29-2 c.c. 

20*2 

per litre and the molecular concentration is 22400 » therefore 

(H) =V 4T5 10- 7 x -0013, 
p H = — 4-62. 

Solutions of C0 2 at pressures employed by Buckmaster and ourselves 
will have a still higher C H about 1000 times as much as blood. It is 
thus impossible to draw any conclusions as to the state of combination 
of C0 2 in blood from these experiments. 

The reaction of the blood is regulated by the presence of sodium 
bicarbonate, and so sodium bicarbonate was next added to the haemo- 
globin solution of the previous experiment in such strength as to make 
a 0-041IV solution. This particular strength was used because it approxi- 
mately represented the total amount of alkali in the blood which 
according to Parsons ( 8 ) is available for combining with C0 2 . Our 
control experiment (Table II) consisted in preparing a sodium bicar- 
bonate solution of similar strength in distilled water and estimating its 
C0 2 content at different pressures. The pressures varied from 1 mm. 
to 583 mm. The total C0 2 varied from 90-3 to 129-7 c.c. per 100 c.c. of 
solution ; but on subtracting the C0 2 in solution the combined C0 2 was the 
same at each pressure within the limits of experimental error, the mean 
value being 91-3 c.c. The fact that the combined C0 2 of a pure sodium 
bicarbonate solution is independent of the pressure, if the latter is above 
a millimeter or two, is of course a well-known fact and Buckmaster(i7) 
among others has published similar results. 

Table II. Vol. C0 2 in NaHC 0 3 solution nt varying C0 2 pressures. 

100 c.c. NaIIC0 3 solution contain 


co 2 

Total C0 2 

Dissolved C0 2 Combined 

mm. 

c.c. 

c.c. 

c.c. 

1 

00-3 

0-1 

90-2 

15-0 

92-0 

1-1 

90-9 

32-5 

93-8 

2-4 

* 91-4 

33-7 

910 

2-0 

89-1 

02-8 

98-2 

4-0 

93-0 

148 

103-8 

10-8 

93-0 

221 

111-0 

16-1 

95-4 

308 

1180 

' 20-9 

91-1 

083 

129-7 

42-0 

87-1 

Mean =91-3 


The value 91-3 vols. p.c. may be taken as representing the total 
available alkali in our solution of hemoglobin and sodium bicarbonate. 
Table III gives our results for total and combined C0 2 in this solution 
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Secondly, it will be shown later, that we were using too great a concen- 
tration of sodium bicarbonate. Kassel balch’s formula shows that the 
j) H increases with the combined C0 2 . If we had used less sodium bicar- 
bonate the isoelectric point 6-98 would have been lower in Fig . 1, and with 
it all the points on the curve would have been shifted downwards. These 
objections do not of course invalidate our conclusions, which are based 
on the of the solution and not on its C0 2 content. It is to be noted 
that Michaelis and Takahashi(lS) found that the isoelectric point of 
haemoglobin (separated from the protein of the stroma of the cor- 
puscles) had a p B of — 6-745 which is decidedly more acid than the value 
we have obtained for all the proteins of the corpuscles together. 

The combination of C0 2 in serum. 

We have made some similar observations on dialysed serum from the 
deflbrinated blood of healthy men. The serum was dialysed against 
distilled water and the volume was found to ha\ e increased from 77 c.c. 
to 128 c.c. There was a thick sediment of globulin, and there was less 
than -02 gm. ash in 100 c.c. As with hcemoglobin we found that the 
solution of serum in distilled water combined directly noth C0 2 but the 
amount of C0 2 combined was much less. In some of these experiments 
sodium chloride was first of all added to redissolve the globulin. 


Table IV, Solution of dialysed serum and sodium bicarbonate. 

100 c c. solution contain 


CO, 

Total CO, 

Dissolved CO, 

Combined 

mm 

c c. 

c c. 

c c 

11 8 

85 3 

07 

84 G 

27 7 

86 1 

1 9 

84 3 

47 0 

88 7 

33 

.85 4 

1140 

99 1 

79 

91 3 

188 0 

102 3 

13 0 

89 3 

290 5 

1129 

20 2 

92 7 

43G0 

119 6 

30 2 

89 4 

708 0 

145 6 

491 

96 5 


' The experiments with dialysed serum and sodium bicarbonate are 
given in Table IV. The sodium bicarbonate was the same strength as 
in the htomoglobin experiments (9T3 c.c. C0 2 p.c.). This strength of 
NaHC0 3 caused the globulin to go into solution. The coefficient of 
solubility was calculated as 0528 taking the dilution of the serum 
protein due to the dialysis into account. Three determinations with a 
pressure less than 50 mm. gave values for the combined C0 2 , the highest 
of which was 854 c.c. p.c. This is 5-9 c.c. less than the CO. in the pure 
bicarbonate solution, so there is no doubt that the serum proteins act 
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The effect of adding dialysed red blood corpuscles to sodium bicar- 
bonate is to diminish the amount of combined C0 2 below 150 mm. Thus 
at 4-85 mm. .two independent results, give a mean value of 52-2 vols 
p.c. of C0 2 , a reduction of 41-1 c.c. from the C0 2 in the pure sodium 
bicarbonate solution. This effect gets less and less, until at 150 mm 
the curve cuts the interrupted line. This is the isoelectric point of the 
proteins of the corpuscles, and at pressures below 150 mm. the corpuscle 
proteins act solely as acid and all the C0 2 must be combined as sodium 
bicarbonate. At pressures above 150 mm. the solution takes up more 
C0 2 than the pure sodium bicarbonate. Hence the extra C0 2 must be 
combined directly with the protein. At 596-4 mm. for instance the 
combined C0 2 is 112-2 c.c. p.c. Now of this 91-3 c.c. is combined as 
sodium bicarbonate and the difference 20-9 c.c. is combined with the 
protein. As already stated we have been dealing with all the protein 
of the corpuscles mixed together, and although the haemoglobin prob- 
ably has the greatest effect, we have no proof of this. However from 
the physiological point of view the experiments are satisfactory because 
we have used the mixture of proteins which occurs naturally in the 
corpuscles. It is to be noted that the curve is even throughout its course. 
There is no sudden alteration in curvature at the isoelectric point. 

Before these results can be applied to the blood in the body, it is 
necessary to show which part of the curve corresponds to the physio- 
logical range as regards its C H . Since below 150 mm. all the combined 
C0 2 is present as bicarbonate it is perfectly legitimate to apply Hassel- 
balch’s formula for calculating the C H . These are the results: 

CO. pressure Combined CO. 


mm. 

c.c. p.c. 

Pb. 

40 

70-2 

7-46 

50 

72-5 

7-37 

70 

7S-0 

7-25 

150 

91-3 

6-9S 


The normal p H of blood is about 7-37 which corresponds to 50 mm. on 
the curve and this point lies well below the interrupted line, so that it 
is clear that haemoglobin acts as an acid inside the physiological range 
C H . 

The objection may be raised that our curve was much higher than the 
C0 2 dissociation curve of blood, because at 40 mm. our solution contained 
70-2 c.c. p.c. C0 2 , whereas the blood of 'J. J. (seep4>) contained only 
45 c.c. There are two reasons for the difference. Firstly, we used a 
comparatively dilute haemoglobin solution; if the concentration of this 
had been increased the CO„ content would have been diminished. 
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Na in the form of bicarbonate, still a may be taken as unity 
approximation. The equation may be written thus: 


?>K=Pn+ lo g 


(Rodium salt) 
(free acid) 


as an 


in. 


p K being the exponential of the dissociation constant. 

For calculating p K a particular point on the curve in Fig. 1 is taken. 
For instance at 20 mm. the solution holds 63 c.c. p.c. C0 2 . This GO, 
is present as bicarbonate. Now the total sodium in the solution com- 
bines with 91*3 c.c. C0 2 p.c. Hence at 20 mm. 91-3 — 63 = 28-3 c.c. C0 2 
is equivalent to the amount of sodium combined with the haemoglobin. 

The free acid will be represented by the difference between the total 
amount of sodium that the hmmoglobin can combine with when there 
is no free acid left, and the amount of sodium salt actually present at 
20 mm., i.e. 28-3 c.c. 

The total combining power of Hb for Na is obtained by a slight 
extra-polation of the curve downwards to 40 c.c. This point has been 
taken for. a reason that will be explained later. In other words it is 
assumec ' .t when by reduction of the C0 2 pressure the solution only 
holds 40 c.c, C0 2 combined as carbonate or bicarbonate, the hcemo- 
glohin is completely saturated with sodium. Hence the total hemo- 
globin combining power will be represented by 91-3 — 40 = 51-3 c.c. 
The free acid will be 51-3 — 28-3 = 23-0 c.c. Now the p a of the solution 
at 20 mm. calculated from Hasselbalch’s formula is — 7-717. The 
equation (I) may be written: 

p K =-7-717+log^= -7-627. 

This same calculation may be carried out at other points on the 
curve. Two more have been taken, viz. at 50 mm. when the combined 
C0 2 is 73 c.c. p.c., and 100 mm. when, it is 83*5 c.c. In the first case 
Pk is found to be - 7-631 and in the second - 7-873. Of course all 
these three values Bhould really be the same and there is certainly an 
extremely close agreement between the first two. The main uncertainty 
in the calculation is the amount of extra-polation that should be carried 
out. The actual point 40 was taken because by using this value more 
concordant results were obtained for p%- at different parts of the curve 
than by using any other value. The uncertainty is increased by the fact 
that below 2 mm. the C0 2 is present at any rate partly as carbonate, and 
bo it is not correct to say that 91-3 — 40 quite represents Na combined 
with hemoglobin as some of this Na will have combined with the bicar- 
bonate to produce normal carbonate. Some results for p K may be . ^ 
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as acids at these pressures, though their effect is nothing like so striking 
as the haemoglobin. At 290-5 mm. the combined C0 2 was 92-7 p.c. and 
at 706 it was 96-5 p.c., which means that at higher pressures the solution 
contains more C0 2 than the pure N'aHC0 3 solution. Hence like haemo- 
globin the serum proteins act as bases at these pressures. We obtained 
similar results using serum protein which had been precipitated, washed 
and dried bj Hardy and Gardiner’s method (19), and redissolved as far 
as possible in distilled water. 

Although it is quite clear from our results that serum proteins like 
haemoglobin behave as amphoteric electrolytes, many more deter- 
minations would be necessary to settle the exact isoelectric point, 
especially as the differences of C0 2 invoked are not so very much 
outside the experimental error of the method. We can only say that in 
our experiments it probably lies between 100 and 300 mm. C0 2 . If 
200 mm. is taken as the isoelectric point the calculated value for the 
p n is 6-86. If 300 mm. is taken the p s is 6-68. Michaelis(iO) and his 
fellow workers again found by a different method much more acid 
values than this for the various serum proteins. 


Discussion of results. 

There would seem to be no doubt that both haemoglobin and the 
serum proteins act solely as acids for a considerable distance on each 
side of the normal range of hydrogen ion concentration. Further the 
experiments with the hsemoglobin and bicarbonate solutions give data 
for calculating approximately the acid dissociation constant of oxy- 
hsemoglobin. The reaction is represented thus: 


Hb.H: 


: Hb+H 


from which ^ =k, k being the dissociation constant, the braokets indicating as 

usual the gramme molecular concentration of the various substances. 


In the actual experiment a mixture of the free acid (oxyhsemoglobin) 
and its sodium salt is present. Under these circumstances (Hb) is the 
same as a (NaHb)- where a is the degree of dissociation of the salt and 
(HbH) represents the concentration of free haemoglobin, since the dis- 
sociation of the acid is now extremely small. 


~=(H) x 


(sodium salt) 
(free acid) 


Sodium salts of acids are nearly completely dissociated, but although 
this dissociation will be rather hindered by the presence of excess of 
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proved that oxyharmoglobin acts as an acid but there can be little doubt 
that reduced hemoglobin acts similarly, so that we have felt it justi- 
fiable to calculate the C H of the reduced corpuscles as well as of the 
oxygenated corpuscles. 

In Milroy’s experiments the red blood corpuscles were found to 
be extremely acid. Thus at 49 mm. CO. the p n was 0-60 or about 
0-7 less than the p H of the serum. It is hardly conceivable that there 
should exist such a big difference as this in the circulating blood. 
Milroy’s procedure was responsible at any rate for a largo part of the 
difference. He centrifuged off the corpuscles, and then to the corpuscular 
deposit he added enough water to bring back the volume to that of the 
original blood. Blood contains approximately 50 p.c. of its volume as 
corpuscles, so that ho diluted the corpuscular volume to about double 
its original volume. This would halve the concentration of sodium 
bicarbonate in the corpuscles which from Hasselb a Ich’s formula would 
reduce the true p n by 0-3. This at any rate accounts for part of the 
great increase of acidity that he found. 

Our experiments with solutions of sodium bicarbonate added to 
hemoglobin and serum proteins provide a useful schema of the con- 
dition of affairs in the blood. At low pressures of C0 2 the hydrogen ion 
concentration of the haemoglobin solution is greater than that of the 
serum proteins. For example at 20 mm. C0 2 the p u of the haemoglobin 
bicarbonate solution is 7-72. At this pressure the serum bicarbonate 
solution which contained 84 vols. p.c. CO. has a calculated p n of 7-83. 
As the CO. pressure increases the CO. content of the luemoglobin 
bicarbonate solution increases much more rapidly than the serum bicar- 
bonate solution, so that the difference between the p n ’B becomes less 
and less. Exactly the same -thing is shown in Table V. At 20 mm. C0 2 , 
the difference between tho p a ’ s of serum and corpuscles of oxygenated 
blood is 1-0, at 90 mm. it is only 0-03. 

As has already been pointed out(i-i) the condition in reality is much 
more complicated in blood, because there is an interchange of ions con- 
stantly occurring between corpuscles and plasma. The reason for this 
interchange taking place is clear, though the mechanism of its production 
is not clear. In the corpuscles the hremoglobin is nearly four times as 
concentrated ns in our solution and so the dissociation curve must be 
steeper. This means that raising the C0 2 pressure causes a greater 
increase in tho C0 2 content of the corpuscles, so that the hydrogen ion 
concentration is more rapidly diminished. This excessive alteration in 
C n is prevented by diffusion of acid from the scrum. .. . 


11—2 
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assuming that 50 c.c. (and not 40 c.c.) represents the point where all 
the haemoglobin combining capacity for sodium has been satisfied. At 
20 mm. p K — — 7*38 and at 55 mm. p K = — 7-47 and at 100 mm. 
Pk=~ 7 * 76 - 

It cannot be pretended that these calculations give more than a very 
rough idea of what the true dissociation constant is, but it probably is 
somewhere about 10 -7 ' 7 or 2 x 10 -8 . Unfortunately the data are not 
sufficient to calculate even approximately a value for the acid dissocia- 
tion constant of the serum proteins. 

Joffe and Poult on have given figures for the C0 2 content of J. J.’s 
“true serum” and red blood corpuscles. They have also pointed out 
that since the hydrogen ion concentration of blood as ordinarily measured 
isthatof thetrue serum it can be calculated by means of Hasselbalch’s 
formula. The present paper by showing that the serum proteins act as 
acids within the physiological range justifies this procedure. Now that 
haemoglobin has also been shown to act solely as an acid it is also quite 
justifiable to use the formula for calculating the C H of the red corpuscles. 



Table V. The C„ of serum and corpuscles in J. 

J.’s oxygenated and reduced 
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Table Y gives the results of these calculations both for oxygenated and 
reduced blood. Values both for p K and C H are given. It will be seen 
that at all pressures up to 90 mm. the corpuscles are slightly more acid 
than the serum but the differences are greater in oxygenated than m 
reduced blood,' since oxyhaemoglobin is evidently a stronger acid than 
reduced haemoglobin. At 40 mm. for oxygenated blood the p s of the 
true serum is 7-32 and for corpuscles 7*26. At 40 mm. for reduced blood 
the p n of true serum is 7-35 and for corpuscles 7-32. The difference in 
C H between serum and corpuscles becomes less as the C0 2 pressure 
increases (cols. 6 and 11). In cols. 12 and 13 the difference between the 
oxygenated and reduced true serums are arranged and also between the 
oxygenated and reduced corpuscles. There is a bigger difference between 
the corpuscles than between the serums. It is true that we have only 
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p n o£ the corpuscles is 6-98 the pressure is 117 mm. corresponding to 
53-6 c.c. combined C0 ; in 100 c.c. corpuscles. The corpuscles in 100 c.c. 
blood at 117 mm. contain 29-9 c.c. C0 2 (cp. (M), curve C, Fig. 3), this 
represents the total available sodium in the corpuscles of 100 c.c. blood. 
The total available sodium in 100 c.c. of blood is the same as that in 
the serum and corpuscles, and is equivalent to 37-9 + 29-9 = 67-8 c.c. 
C0 2 , which means that the total sodium bicarbonate of blood is 0-03 N. 

There is admittedly some uncertainty in the calculation because our 
experiments with the serum-bicarbonate solution were not sufficient to 
settle accurately the isoelectric point of the serum proteins, and no 
allowance has been made for any diffusion of acid from corpuscles to 
plasma between the two isoelectric points. However we think that the 
value we have obtained (0 032V) is probably more nearly correct than 
that calculated by Parsons, vis. 0-0452V, which is almost certainly a 
good deal too high. 


Conclusions. 

1. The proteins of blood combine directly with C0 2 when the reaction 
of the blood is very much more acid than ever occurs in the body. 

2. Throughout the range of C H occurring in the body all the C0 2 
is present as bicarbonate, and the blood proteins act as acids combining 
with sodium and competing for it with the C0 2 . 

3. Experiments with dialysed red colls and sodium bicarbonate 
indicate that the isoelectric point of hsemoglobin has the value p H = 6-98. 
The acid dissociation constant of hsemoglobin is 2 x 10 -8 . 

4. At all pressures of C0 2 the C H of the corpuscles is greater than 
the C H of the plasma. The difference becomes less as the pressure rises. 

5. C0 2 is completely expelled from blood by the blood pump, because 
tho blood proteins in their capacity as acids are present in sufficient 
concentration to combine with all the sodium of the blood. 

6. The maximum possible quantity of sodium bicarbonate in blood 
(i.e. the total sodium available for combining with C0 2 ) is 0-032V. 
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' It is clear from our experiments why all the C0 2 can be expelled from 
blood by means of the blood pump. The haemoglobin of the corpuscles 
is present in sufficient quantity to combine with all the available sodium 
of the blood, as the C0 2 is gradually removed. In our experiment the 
concentration of haemoglobin was less than in blood and the amount 
of available sodium was greater, so that there were still 40 c.c. CO. 
combined with sodium when the C0 2 pressure was reduced to zero, h 
blood the interchange of ions between plasma and corpuscles ensure: 
that on reduction of pressure the residue of available sodium after th< 
plasma proteins have been satisfied, receives acid from the corpuscle: 
and so makes sodium available inside the corpuscles to combine will 
the haemoglobin. In the separated serum the proteins are not sufficient 
to combine with all the available sodium, so that on reduction of pressure 
some C0 2 is still left in combination with it. 

The experiments with haemoglobin and serum .proteins also give an 
indication of the total amount of sodium bicarbonate in blood, or, 
expressing it more accurately, the total amount of sodium available for 
combining with C0 2 . Parsons (8) has suggested that the sodium bicar- 
bonate is O045A which corresponds to the total combined C0 2 when 
blood is completely saturated with C0 2 . This suggestion takes no 
account of the fact that while all the sodium of the blood will be present 
as sodium bicarbonate additional C0 2 will be taken up in combination 
with the hsemoglobin and serum proteins when the hydrogen ion con- 
centration is increased to this extent. On the other hand at the iso- 
electric point all the sodium is present as bicarbonate, and no C0 2 is 
combined with protein. 

It was pointed out that our experiments with the serum-bicarbonate 
solution showed that the most probable value for the of the iso- 
electric point was 6-86. Now calculations show that this value corre- 
sponds to 180 mm. on the true serum curve of J. J.’s blood (cf. Oh 
Fig. 3). At this pressure the difference between curves B and C which 
gives the C0 2 content in the serum of 100 c.c. blood, is 37-9 c.c. and this 
corresponds to the total available sodium in the serlim, since this is the 
isoelectric point of the serum proteins. The C0 2 in the corpuscles at 
this pressure will be partly present as bicarbonate and partly combined 
with haemoglobin, since the reaction of the corpuscles at this pressure 
is more acid than the isoelectric point of the corpuscles, viz. 6-98. 

Now the amount of C0 2 in the corpuscles combined as bicarbonate 
will be the volume of C0 2 in the corpuscles at the isoelectric point- 
Calculation by means of Hasselbalch’s formula shows that when the 



COLORIMETRIC DETERMINATION OF THE REACTION 
OF BLOOD By DIALYSIS. By H. H. DALE and 
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(From the Department of Biochemistry and Pharmacology, Medical 
Research Council: National Institute of Medical Research, Hampstead.) 

During recent years measurement of the reaction of blood has mostly 
been carried out with the hydrogen electrode. Whether a small bubble 
of hydrogen is used, brought into equilibrium with the blood in respect 
of C0 2 by shaking (Hasselbalch(i), Michaelis and DavidoffP)), or 
whether an artificial mixture is made of hydrogen and CO. at the tension 
of alveolar air (Petersp)), and the blood brought into equilibrium with 
this, the film of blood in which the reaction is actually measured is in the 
reduced condition. When the latter method is used, the correspondence 
of the reaction so determined with that of the circulating blood is 
evidently conditioned by the accuracy with which the CO. tension in. 
the lung alveoli can be determined. This is truoalsoof indirect methods 
such as that of Barcroft(-i), in which the hydrogen ion concentration 
of tho blood exposed to an artificial gas mixture is determined from 
the constant, K, of the oxygen dissociation curve. 

The idea of avoiding the difficulty, occasioned in the use of indicators 
by the colour of blood or plasma, by testing a colourless dialysate in 
place of the blood itself, appears to be quite an old one. It was used by 
Kiihn 0(5) as long ago as 18G0. To Levy, Rowntree and Marriott(O), 
however, belongs the credit of having introduced its use with modern 
indicators, capable of giving a direct measure of the hydrogen ion 
concentration of a fluid, by matching with a series of standard solutions 
containing the indicator. The method, as devised and used by them, 
suffered from the lack of any serious precaution to avoid loss of CO. 
either from the blood or serum placed in the dialyser, or from the 
dialysate of which the reaction was determined. For our purpose, which 
was to study the variations, from minute to minute, of the reaction of 
the circulating arterial blood, in an animal exposed to different con- 
ditions, determinations thus taken would clearly have littlo.'if any. 
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size that the finished dialysing membrane will be very slightly smaller 
in diameter than the comparator vessel, the space between the two 
being such that 1 c.c. of fluid will fill the annular space around the 
dialyser without actually reaching to the top of the vessel. The tube 
which we have employed for making the membranes has a length of 
about 60 mm., and an internal diameter of 11 mm. The membrane is 
made as follows: the tube is filled almost to the top with a strong solution 



A B CD 


Fig. I A. Section of dialyser and comparator vessel filled for o determination. (Full size.) 

B, C. The comparator. (One fourth full size ) 

D. Attachment for dialysis in tiro (Full size.) 

{about 10 p.c.) of collodion in alcohol-ether, air bubbles are removed 
by a brief centrifugation, and the film which has formed on the surface 
of the solution is peeled off with forceps; the tube is then inverted and 
allowed to drain out of contact with the air. If the tube is inverted in 
the mouth of the bottle containing the solution, drainage takes place in 
the vapour of the solvent, and a thin membrane is obtained. When the 
collodion film is sufficiently inspissated (if desired drying may be 
hastened by a gentle stream of air, after drainage is sufficiently complete), 
the tube is filled with water. If a specially permeable membrane is 
desired, the tube, after draining in the vapour of the solvent, is filled 
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value. R. W. Scott(7), who had a similar object to ours, modified the 
dialysis method so as to restrict very greatly the error due to loss of 
C0 2 . It seemed to us that relatively small modifications ought to make 
the method one of real precision. 

In this paper we give the working details of the modifications which 
we have found desirable and effective to this end, and of some results 
by which we have tested the performance of the method, and from 
which an idea of its accuracy can be obtained. Concerning the con- 
venience of the method as we have used it there can be no doubt: we 
believe that, even in accuracy, it is likely to prove little if at all inferioi 
to the more elaborate and less direct methods which others have used. 

The essential apparatus consists of a flat-bottomed cylindrical 
vessel, which we call a comparator vessel, into which the tubulai 
dialysing membrane fits loosely. The membrane is tied on to a vulcanite 
holder, which closes the top of the vessel, and is itself closed by a cork. 

The comparator vessels. These were made from glass tubing with an 
external diameter of 14 mm. and internal diameter of 11-5 mm. Pieces 
of equal length were cut from this, the ends ground flat, and to one end 
of each a circular disc cut from a white microscope slide was cemented 
with Canada balsam. It is necessary, when the balsam has hardened, to 
remove any excess from the interior of the vessel, as the balsam is apt 
to absorb indicator and vitiate the colour comparison when the tube is 
in use. Better tubes could no doubt be made with flat bottoms of optic- 
ally worked glass, but we have not found it possible to get them under 
present conditions. The length of the finished vessels, as we have used 
them, is 40 mm. 

The vulcanite membrane holder. This is turned from a single piece of 
vulcanite. The shape can be seen from Pig. 1 A (full size), from which 
measurements can be made. It will be seen that there is a central tube 
of vulcanite, the upper orifice of which can be tightly closed by a small 
cork. The tube has a groove cut round it some 2 mm. from the lower 
end, to facilitate the tying on of the membrane. The upper end has a 
wide thick flange, the under surface of which is cut into a deep annular 
groove, in such a way that the upper end of the comparator vessel 
passes into the groove, of which the outer wall fits fairly closely over the 
glass vessel, while sufficient space is left between the latter and the 
central vulcanite tube to accommodate easily the membrane and the 
ligature securing it. 

The dialysing membrane. This is made of collodion on the inside of 
a small test-tube, which is carefully selected by measurement of such a 
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Method of use. 1 c.c. of a -85 p.c. solution of NaCl in freshly boiled 
distilled water is placed in a comparator vessel. The membrane on its 
holder, which has meanwhile been thoroughly soaked in the saline 
solution, is quickly shaken free from adherent fluid, both inside and 
outside. It is then corked to prevent collapse, and lowered into the 
comparator vessel, the holder being pressed down till the upper rim of 
the vessel reaches the bottom of the groove in the holder; should the 
groove fit too loosely over the vessel, plasticine may be put into it to 
make an airtight junction. The cork is now removed and a pinch of 
powdered carbonate-free potassium oxalate is dropped into the bottom 
of the dialyser. The stock of oxalate should be tested for neutrality by 
the addition of neutral red to a 0-1 p.c. solution of the salt. The colour 
given should not differ appreciably from that given by water alone. 

The blood is withdrawn from the vessel by a long, slightly bent and 
narrow cannula, which may with advantage also contain a few milli- 
grammes of oxalate. This cannula is inserted into the clamped artery or 
vein and tied in. The clamp is carefully released and blood allowed to 
fill the cannula without the inclusion of air-bubbles. The open end of 
the cannula is then passed to the bottom of the dialysing membrane 
and the clamp controlled so that the membrane is steadily filled from 
below upwards with blood until it reaches almost to the top of the 
opening in the vulcanite holder, the point of the cannula being always 
kept below the surface of the fluid. The opening is then immediately 
closed, either with a small cork or with a stopper provided with a narrow 
glass capillary (Fig. 1 A). Dialysis is now allowed to proceed for ten to 
fifteen minutes. 

Treatment of the dialysate. When dialysis is complete the dialysing 
membrane with its contents is removed and put into a vessel of 0-85 p.c. 
NaCl, where it is left until it can be washed. To the dialysate a fen- 
drops of neutral red solution arc added from an accurate dropping 
pipette. Individual tastes will probably differ ns to the amount of 
neutral red to be added, but we have recently used four drops (=0 08 c.c.) 
of a 0-02 p.c. solution in distilled water. Some workers may very prob- 
ably prefer to use phenol red (phenolsulphonephthalein) for this com- 
parison. We found that neutral red gave us a more finely graded scale 
of colour-differences within the range of reactions which concerned us. 
The drops are added quickly, and after proper admixture the fluid is 
immediately covered with a layer of pure liquid paraffin ; this effectively 
prevents any loss of carbon dioxide sufficient to change perceptibly the 
tint of the neutral red in the dialysate, for a period'far beyond that 
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with 70 p.c. alcohol and allowed to stand (cf. Brown (8)). The mem- 
brane is in either case thoroughly washed in water, detached from 
the rim of the tube, separated from the rest of the tube by allowing 
water to pass between the membrane and the glass, removed and kept 
in water until required. The membrane is cut to the required length to 
fit the comparator vessel and is then tied on to the vulcanite cap, which 
closes the top of this vessel and prevents the escape of carbon dioxide. 

The membrane is cut to the proper length by filling it with water, 
lowering it into the comparator vessel until it just rests on the flat 
bottom, and cutting off with scissors level with the top. The edge is 
trimmed so that the finished membrane is about 1 mm. shorter than the 
comparator vessel; it is then slipped over the inner tube of the vulcanite 
holder (Fig. 1) and pushed up so that the edge is well past the tying- 
groove. The membrane is tied in position by a stout linen thread, one 
turn of which is first tied firmly over the groove in the holder so as to 
press the collodion membrane tightly into it. One end of the thread is left 
long, and is wound tightly in a close spiral round the membrane above the 
groove, and finally secured by tying it to the other end of the first knot. 

During this and all other manipulations the membrane must be 
prevented from getting dry. It is essential to test the finished membrane 
for leakages, due to imperfect tying or to pinholes in the collodion, and 
also to confirm its ready permeability to dissolved crystalloids. 

Test of soundness. This is carried out by making a blank dialysis just 
as for a determination, using oxalated or whipped blood. After the 
dialyser has been filled with blood, the cork is pushed into the opening 
of the vulcanite holder to give an internal pressure, and so to increase 
the stringency of the test. If any leak is present, red corpuscles pass into 
the saline and are easily detected. 

Test for permeability. A dummy mixture, either of phosphates of 
P H . 7-5-8-0, or else a 0-25 p.c. sodium bicarbonate solution exposed to 
alveolar air, is run into the dialyser and dialysed against the saline 
solution for five minutes. At the end of this time the dialysate should 
give the same colour as the original fluid when neutral red is added in 
equal amounts to both, and a comparison made in the comparator. 

The comparator (Fig. 1 B, C). This consists of a small box with black- 
ened interior, the top of which is perforated by two holes placed close 
together to receive the comparator vessels. The lower portion of the 
front wall of the box is open to admit light, which is reflected up through 
the tubes by a sheet of opal glass placed at an angle of 45°. Around the 
top of the box is a blackened screen to exclude light from above. 



REACTION OF BLOOD. 


173 


The vessel containing the dialysate is placed in one of the holes of 
the comparator box, and in the other hole is a similar tube containing 
1 c.c. of the No. 1 phosphate solution (P n 7-5) to which the same number 
of drops of neutral Ted have been added. The contents of this vessel arc 
thoroughly mixed with a thin rod of hard glass, or better with a small 
platinum stirrer 1 ,. and it will be at once obvious whether the dialysate 
is more or less alkaline than P H . 7-5. The reaction of the No. 1 solution 
is now altered by adding drop by drop from a finely pointed pipette 
graduated in pj^ths of a c.c., with constant stirring, either solution 
No. 3 or solution No. 2, until the colours in the two tubes exactly 
match. The quantity of solution No. 3 or No. 2 added is then read oh on 
the pipette, and the P H of the mixture so prepared to match the dialysate 
is ascertained from one of the accompanying graphs (Figs. 2 and 3). 

It is important to note that these graphs are intended for use with 
solutions made up as indicated, to be ^th molar. The curve given by 
Prideaux(li), and reproduced in extended form by Baylisspi), gives, 
fof the same proportions of alkali to phosphoric acid in -^th molar 
solutions, figures for P n .which differ materially from those of Sorensen. 
The reason for this difference is still somewhat obsenre: the difference in 
concentration seems inadequate to account for it. It is, however, for 
the present advisable to use the determinations of any author only for 
solutions containing the same ions in the same molar concentration as 
ho indicated. 

The whole procedure is very rapid, and duplicate results obtained 
by both of us, working independently, seldom show a wider discrepancy 
than P H 0-03, while they usually correspond to within P H 0-02. 

By a slight modification of the apparatus (Fig. 1 D) the method can 
be made available for determining the reaction of arterial blood of the 
anaesthetised animal during actual circulation. For this purpose the 
membrane holder is provided with the smaU attachment shown in the 
figure, nhich enables the arterial nlood to be led down to tbe bottom of 
the dialvser tube, out through the side tube at the upper end, and so 
back vta a bubble-trap into the circulation. V, e believe t his arrantremeut 
may be found useful for certain physiological enquiries, and the only 
circumstance which has hindered us from applving it ourselves ic £ 
Bcries of experiments is the present lack of efficient hirudin. 


■ A convenient stirrer is nt-.ie hr srrK~r p^tfarn fc3 o 

to a piece oi stent pbtfann S3 cr 30 =. fa fe-ztin This can te a 
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needed. It has often been pointed out that carbon dioxide is by no 
means insoluble in liquid paraffin, but this fact does not affect its use 
for this purpose. The liquid paraffin prevents escape of C0 2 only by 
greatly restricting diffusion from the surface, passage of C0 2 from the 
water to the oil being rendered very slow by the relatively high viscosity 
of the latter. 

The comparative titration. The determination of the P H . of the dia- 
lysate, is carried out by comparison with the tint of a phosphate mixture 
containing an equal amount of neutral red, and placed in another 
similar comparator vessel. The reaction of this phosphate mixture is 
adjusted by titration until an exact colour match is obtained. There are 
many ways in which such titration could theoretically be carried out. 
For example, the original Sorensen (£>) mixtures could be used, starting 
with either the disodium or the monopotassium phosphate and adding 
the other solution until the correct colour was reached. We found, 
however, that this would in some cases necessitate the use of incon- 
venient volumes or proportions of the two fluids, and, further, that the 
sharpness of the end-point would vary inconveniently at different 
ranges. We have found it convenient therefore to employ three phos- 
phate mixtures with P H values, as follows: (1) P H 7*5, (2) P H 6-5, (3) P H 
10-5. Solutions Nos. (1) and (2) can be prepared, if desired, by mixing 
the two Sorensen T \ molar phosphate solutions in the calculated pro- 
portions, but we have found it more convenient (and essential in the 
preparation of No. 3 solution) to start with acid potassium phosphate, 
which is readily obtained pure, and to add standard sodium hydroxide 
solution (free from carbonate) in the required proportion, according to 
the suggestion of Clark and Lubs(iO). 

The following are the proportions required to obtain solutions 
molar phosphate-ion, calculated from Sorensen’s curves in the case of 
solutions (1) and (2), and from data given by Prideaux(ii) in the 
case of solution (3), which for obvious reasons cannot be obtained from 
Sorensen’s mixtures. We are greatly indebted to Dr C. J. Martin, 
F.R.S., and to Dr C. G. L. Wolf, who kindly assisted by checking some 
of our solutions with the hydrogen electrode. 


Solution 

No. 

Ph- 

c.c. M/5 
KH 2 P0 4 

c.c. normal 
NaOH 

c.c. N/10 
NaOH 

c.c. freshly boiled 
distilled water 

1 

7-5 

33-33 

— 

56 

to 100 

2 t 

G-5 

33-33 

— 

21-33 

to 100 

3 

10-5 

33-33 

7-33 

— 

to 100 


In order to prevent the growth of moulds, a trace of calomel may be added to each 
bottle of the phosphate solutions as suggested by Martin. 
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to give some results which will convey an idea of the absolute values 
obtained for blood and other solutions by its use. Fig. 4 shows a curve 
for the P H . of cat’s blood at different tensions of carbon dioxide. The 
determinations were made by rotating the blood in a Barcroft tonometer 
in which the desired mixture of air and C0 2 was made up in the usual 
way. The rotation was carried out at room temperature, and, at the 
end of 30 minutes or more, a sample of the gas was withdrawn for 
analysis, and a part of the blood used for the determination of the 
reaction by the above method. It will he seen that the points fall fairly 
well into alignment on the curve. In order to obtain some results which 
might be checked, either by theoretical methods, or by comparison 
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Another application which we hope the method will find is the 
determination of the reaction of human arterial blood under different 
conditions. Now that the removal of arterial blood into a syringe by 
arterial puncture is so often performed, it should be a very simple matter 
to run the blood from the syringe into the dialyser with as little contact 
with the air as that entailed by bleeding from an arterial cannula. When 
once such a sample has been obtained and set to dialyse, 15 to 20 minutes 
should suffice for the completion of the determination. 

Examples of results. Pending the publication of the results of the 
experiments for which we elaborated the method, it may be of interest 



in y’-jth molar solutions. Upper curve — addition of Solution 2 to 1 c.c. of Solution 1. 
Lower curve — addition of Solution 1 to 1 c.c. of Solution 2. 
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"We are indebted to our colleague, Dr John Brownlee, for the services 
>f his department in the preparation of the graphs for Bigs. 2 and 3. 

Some of the apparatus used in this work was purchased out of a grant from the Govern* 
nent Grants Committee of the Royal Society to one of us (E.). 


REFERENCES. 

(1) Hasselbalch. Biochem. Ztschr. 30, p. 317. 1911. 

(2) Michaelia and Davidoff. Ibid. 46. 1912. 

(3) Peters. This Joum. 48, Proc. Physiol. Soc. p. vii. 1914. 

(4) Barcroft. Phil. Trans. 206, B. p. 69. 1915. 

(5) Kiihne. Virchow’s Arch. 33, p. 95. 1865. 

(6) Levy, Rowntree and Marriott. Arch. Int. Med. 16, p. 309. 1915. 

(7) R. \V. Scott. Amer. Joum. Physiol. 44, p. 196 1917. 

(8) Brown. Biochem. Journ. 9, p. 591. 1915 

(9) Sorensen. C.R. Lab. de Carlsberg. 8, p. 1. 1909. 

(10) Clark and Luba. J. Bact. 2, p. 1. 1917. 

(11) Pndeaux. Biochem. Joum. 6, p. 122. 1911. 

(12) Bayliss. Principles of Gen. Physiol. 

(13) Parsons. This Joum. 53, p. 340. 1920. 

(14) Milroy. Ibid. 51, p. 279. 1917. 


PH. LTV 



176 


H. H. DALE AND G. L. EVANS. 


with, determinations by the hydrogen electrode, we have investigated 
the P H .-C0 2 curves of (1) 0-02 m. NaHC0 3 in distilled water° and 
(2) 0-02 m. NaHCOg solution in 0-18 m. Nad solution. The results of 
the former determination could then he compared with the theoretical 



Fig. 4. Curve showing the relation between Ph 1 and C0 2 tension in cat’s blood. 

Fig. 5. Curves showing the relation between Ph- and CO s tensions for bicarbonate solutions. 
Upper curve =aqueou8 NaHC0 3 (M)2 molar, from our observations. Dotted curve= 
the same solution, according to the calculations of Parsons. Lower curve=0-18 m. 
NaCl plus 0-02 m. NaHC0 3 ; x =observed points (corrected for salt error of indicator) ; 
© =points observed by Milroy by the use of the H electrode. 

calculations made by Parsons (13), and those of the latter with the 
direct determinations made by Milroy(i4) with the hydrogen electrode. 
These comparisons are given in the curve of Fig. 5, and it will be seen 
that the agreement, especially in the case of the solution containing 
sodium chloride, is very good. 
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Bayliss(S) observed that the proteins of plasma do not function as 
acids or alkalies at hydrogen ion concentrations compatible with life. 
Therefore the bicarbonate hypothesis, put forward to explain the carbon 
dioxide carrying power of blood, must be modified to the extent that 
the second weak acid which shares the sodium with the carbon dioxide 
must be associated with the corpuscular elements of the blood. In a 
later communication Parsons(O) states that the protein of blood which 
confers on bicarbonate the capacity of being an efficient carrier of carbon 
dioxide is mainly, if not entirely, hsemoglobin. This hypothesis, that 
haemoglobin functions as an acid capable of decomposing sodium bicar- 
bonate, is directly opposed to the conclusions of Buckmaster(3) that 
the transport of carbon dioxide is effected mainly by hsemoglobim 
Methods. The experimental results were obtained by determining 
the capacity of blood and its constituents to combine with carbon 
dioxide. The capacity of any fluid to carry carbon dioxide was found by 
exposing it to human alveolar air and then determining the total quan- 
tity of carbon dioxide contained in it by van Slyke’s method. In the 
results submitted the amount of carbon dioxide in solution is not 
included since the object of tho experiments was to determine the 
manner in which carbon dioxide is combined in blood. In the case of 
fluids carrying a small quantity of carbon dioxide in combination the 
amount dissolved forms a considerable portion of the whole and gives an 
orroneous impression of magnitude. In many cases the plasma fractions 
were ashed and the capacity of the ash, when dissolved in water, to 
combine with carbon dioxide was determined. In regard to these 
experiments it may be observed that the values so obtained give the 
maximum quantity of carbon dioxide which could be carried by the 
alkaline salts in the original fluid. It is clear that the organic salt of a 
metal of the alkali group, although incapable of carrying carbon dioxide 
in the original fluid, yet when ashed yields free alkali capable of com- 
bining with carbon dioxide. 

The permeability of the red blood corpuscles. 

The ash of serum. The bicarbonate hypothesis for tho transport 
of carbon dioxide in the blood depends upon the assumption that 
a ready interchange of anions or kations takes place across the 
envelope of the red blood corpuscles. ThfTfact that red blood^cor- 
pu8clcs circulate in the vascular medium 1 

to the assumption that such an 
across the cell envelope. In the ■ 
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The hypotheses put forward to elucidate the relations of carbon dioxide 
in blood may be briefly summarised into three categories: (a) that carbon 
dioxide is associated with the diffusible and non-diffusible alkali of blood 
(Loewy and Zuntz(i)); ( b ) that a considerable portion of the carbon 
dioxide is in combination with haemoglobin (Bohr(2), Buckmaster(3)); 
and (c) that carbon dioxide is present in blood entirely in the form 
of bicarbonate (Haldane, Hasselbalch(S), Parsons(6)). The last 
hypothesis has recently been analysed from a mathematical standpoint 
by Parsons(O) on the assumption that the laws of-mass action may be 
applied to mixtures of colloid and crystalloid substances contained in a 
fluid so complex as blood. On this assumption he compared the carbon 
dioxide dissociation curve of a solution of sodium bicarbonate with that 
found by Christiansen, Douglas and Haldane(4) for blood. He 
concluded that the whole of the combined carbon dioxide of blood is 
present in the form of sodium bicarbonate and that the proteins of blood 
confer on this bicarbonate the property of being an efficient carrier of 
carbon dioxide. The fundamental basis of the bicarbonate hypothesis is 
that the proteins of blood act as weak acids, and by virtue of this property 
cause sodium bicarbonate to dissociate at tensions of carbon dioxide 
present in alveolar air. This hypothesis therefore is complementary to 
that put forward by Moore(7) that the maintainance of the neutrality 
of blood is one of the main functions of the protein of blood. But 
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an acid and thereby shares the available sodium of the blood with 
carbon dioxide. 

(a) Normal serum. Experiments have been made to determine the 
relative capacities of serum and the inorganic salts contained in it to 
carry carbon dioxide. In order to obtain a solution of the inorganic 
salts a known volume of serum was dried and ashed at a dull red heat. 
The ash was dissolved in a volume of water equal to that of the original 
serum. The solution was exposed to alveolar air until equilibrium was 
attained and the amount of carbon dioxide contained in it was compared 
with that obtained from the original serum similarly treated. The 
following figures give the values obtained in two typical experiments: 

Cat’s blood Serum (alveolated) 46-3 % CO, 

Solution of ash (alveolated) 40-2 % „ 

Rabbit’s blood Serum (alveolated) 32*1 % „ 

Solution of ash (alveolated) 32-4 % lf 

The identity of the values giving the capacity of serum and of the 
inorganio salts contained in it to carry carbon dioxide appears to offer 
strong evidence in favour of the hypothesis that all the carbon dioxide 
of blood exists in combination with sodium. The acceptance of this 
hypothesis from the above figures would, however, demand that no 
organic acid such as lactic acid should exist in the serum in combination 
with sodium. That such a condition should exist is improbable — in fact, 
later experiments Bhow that serum always contains lactic acid. 

(6) The ash of serum obtained from blood containing no carbon 
dioxide. Parsons’ hypothesis that the sodium of blood is shared 
between the two weak acids hemoglobin and carbon dioxide according 
to the law of mass action can be readily tested by experiments similar 
to those quoted for serum. On this hypothesis blood freed from carbon 
dioxide should have all its available nlkali combined with the hremo- 
globin. Since the corpuscles can be removed by centrifuging tho serum 
from C0 2 -frce blood should contain much less inorganic salt capable of 
combining with carbon dioxide than serum obtained from blood con- 
taining a normal quantity of carbon dioxide. 

Serum from normal blood: I II 

Capacity of solution of ash to carry carbon dioxide ... 43-0 % 40-2 % 

Serum from CO, free blood: 

Capacity of solution of ash to carry CO, 42-0 % 44‘0 % 

It is evident from these figures that on depriving blood of carbon 
dioxide the sodium does not leave the serum to enter into combination 
with the haemoglobin contained in the corpuscles. These results have 
been explained by assuming that when carbon dioxide is removed from 
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and carbon dioxide, the fact is self-evident, but with regard to in- 
organic anions and kations as Cl, P 2 0 5 , K.Na, etc., the proofs of free 
interchange are not readily obtained. Hamburger(io) stated that red 
blood corpuscles -were permeable to Cl and P 2 0 6> even in isotonic solu- 
tion, and that, when C0 2 was added to blood Cl passed from the serum 
to the corpuscles to preserve the neutrality of blood. Hober(ii), on the 
other hand, stated that under normal conditions the red blood corpuscle 
is impermeable to anions, and permeability is produced only by treat- 
ment with C0 2 . Gurber found that the red blood corpuscles were 
impermeable to K and Na, and his results were confirmed in 1904 by 
Hober(i2). In 1909 Hamburger and Hekma(i3) stated that small 
quantities of Ca may penetrate into red blood corpuscles, but 
Abderhalden and Frankel state that Ca is found only in the plasma. 
Recently de Boer (14) has demonstrated the passage of small quantities 
of S0 4 from the plasma into the corpuscles. It may be concluded, 
therefore, from the results of experiments on the permeability of red 
blood cells to anions and kations that interchange cannot be demon- 
strated with ease and certainty. The fact that no such interchange 
readily occurs can be shown by a simple experiment. On the addition 
of red blood cells to sodium chloride solutions of varying strengths 
haemolysis usually occurs at -55 p.c. NaCI. The experiment may be 
repeated in another form, thus, a drop of blood is added to 10 c.c. of 
•9 p.c. NaCI; after half an hour water is added to the mixture to bring 
the salt content to *8 p.c. NaCI. A similar addition of water reducing 
the NaCI content *1 p.c. is repeated every half hour. It is found that 
haemolysis occurs at -55 p.c. NaCI in this case also. If any interchange 
of anions or kations took place across the surface of the corpuscle it is 
clear that haemolysis would occur with a lower concentration of sodium 
chloride in the second case — in fact, with perfect interchange the 
corpuscles could be obtained intact in pure water. In the section 
dealing with the ash of serum obtained from normal blood and from 
blood freed from C0 2 it is evident that under these conditions also no 
Na or Cl passes from the serum to the corpuscle or from the corpuscle 
to the serum. The strength of the envelope of the red blood corpuscle, 
shown by the low percentage of NaCI (-55 p.c.) required to produce 
haemolysis, indicates that conditions may arise when the contents of 
the corpuscle are not in equilibrium with the plasma. Therefore the 
general consideration of the permeability of the red blood corpuscle to 
anions and kations does not lead to conclusions favourable to the bi- 
carbonate hypothesis which postulates that hsemoglobin functions as 
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their paper (p, 240) to the fact that the capacity of Mood to carry carbon 
dioxide diminishes after removal from the body. They offer no explana- 
tion of this fact. The degree to which shed blood loses its capacity to 
carry carbon dioxide is illustrated by the following experimental results: 

Interval after removal 

from animal CO. capacity 

■5 hour 49-4 % C0 2 

1*5 hours 40-8 % „ 

3-5 „ 38-0 % „ 

5-5 „ 32-0 % „ 

This steady fall in carbon dioxide capacity might be duo to the pro- 
duction of lactic acid in blood comparable to that produced in dying 
tissues. The quantity of lactic acid in blood was therefore determined at 
different intervals of time. Considerable variations in the quantity of 
lactic acid in fresh blood have been observed. The following figures 
show typical results : ' 

A B 

Fresh blood -07 % lactic acid -1 % lactic acid 

Blood after 3 hours ... -18 % „ t , -133 % „ „ 

The blood used in the above experiments was obtained from 
anajsthetised cats. The lactic acid values for fresh blood in cats (A) and 
( B ) presumably represent the different degrees of asphyxia induced by 
the nntesthctic in the two cases. In both cases, (A) and (IS), the lactic 
acid present in the blood augmented on standing, indicating that blood 
is like every other tissue of the body in so far that lactic acid is produced 
in it on dying. It may be observed that -1 p.c. lactic acid is capable of 
combining with sufficient sodium bicarbonate to diminish the CO. 
capacity of blood 24 p.c. Therefore the production of lactic acid in 
dying blood is capablo of accounting for the steady diminution in the 
carbon dioxide capacity of blood after removal from the body. 

(ii) The diminished capacity of serum obtained from CO.-free blood 
to combine with C0 2 . Serum obtained from CO.-free blood combines 
with less CO. than serum obtained from the same blood from which the 
CO, has not been abstracted, thus: 

A B 

Serum from normal Mood (alveolated) 33 % CO s 40-3 % COj 

Serum from CO t -free blood (alveolated) 22 % „ 20 % „ 

Diminution in CO, capacity 11% „ 2G-3% „ 

The diminished capacity of serum obtained from CO.-free blood to 
carry carbon dioxide, although the ash of this serum contains just ns 
much alkali as the ash of serum from normal blood (vide supra) might 
be due to the production of lactic acid in blood freed from CO. com- 
bining with the sodium bicarbonate and so rendering the sodium unavail- 
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blood a constant reaction is preserved, not by the entrance of sodium 
into the corpuscle, but by the exit of chlorine from them into the plasma. 
This explanation accords with the statement of Hamburger(iO) that 
the red blood corpuscle is permeable to the Cl ion. This hypothesis is 
disproved by two facts — (1) the constancy of the available alkali con- 
tained in the ash of serum obtained from normal blood and from C0 2 -free 
blood, and (2) the identity of the Cl content of serum obtained from 
normal blood and C0 2 -free blood, (i) The figures above give the alkali 
contained in the ash of serum available for combining with C0 2 and not 
the total sodium. Whether the sodium ion passes into the corpuscle 
from the serum or the chlorine ion passes into the serum from the 
corpuscle, the alkali contained in the ash of serum available for com- 
bining with C0 2 would be diminished to the same degree. The available 
alkali contained in the ash of normal serum is identical with that in the 
ash of serum obtained from C0 2 -free blood, (ii) Direct experiment 
shows that there is no difference in the chlorine content of serum of 
normal blood and serum obtained from C0 2 -free blood. The relative 
quantities of chlorine present in the serum of normal blood and in the 
- serum from C0 2 -free blood were in the ratio of 100 to 95. The two 
figures are equal within the limits of experimental error. The comparative 
results obtained by analysing the aSh of normal serum and tliht obtained 
from C0 2 -free blood offer no evidence in favour of the hypothesis that 
haemoglobin acts as a weak acid and shares with C0 2 the available free 
alkali in the blood. The results can be explained on the bicarbonate 
hypothesis only by assuming that the proteins of blood plasma, and not 
the haemoglobin contained in the red blood corpuscle, function as the 
second weak acid. This alternative hypothesis is considered in the 
experiments dealing with the capacity of serum proteins, obtained 
from normal and C0 2 free serum, to combine with C0 2 . 

Lactic acid in blood. The presence of lactic acid in blood has been 
demonstrated by many observers. Probably the most accurate experi- 
ments on this subject are those of Ryff el(15), who found that resting 
human blood contained -012 p.c. lactic acid whilst blood drawn after 
exercise contained *07 p.c. lactic acid. The question was investigated to 
determine (i) the cause of the steady diminution in the C0 2 capacity of 
shed blood, (ii) the change which occurs in blood after the removal of 
C0 2 , as evidenced by a diminished capacity to recombine with C0 2 , and 
(iii) the effect of adding lactic acid to blood on its capacity to carry C0 2 . 

(i) Changes in the carbon dioxide capacity of drawn blood. 
Christiansen, Douglas and Haldane(4) have drawn attention in 



187 


C0 2 AND ALKALI OF BLOOD. 

This series of experiments was completed by determining the capacity 
of a solution of fibrinogen to carry carbon dioxide. Tibrinogen was 
obtained from oxalated plasma by a method which has been previously 
described by one of us(io). 25 c.c. of plasma, obtained from oxalated ox 
blood, were added to 225 c.c. of distilled water, and the resulting fluid 
brought to the isoelectric point for globulin by the cautious addition of 
•1 p.c. acetic acid. The precipitate of globulin was allowed to settle and 
then obtained as a compact mass by centrifuging. The fibrinogen was 
dissolved in 25 c.c. of NaCl 1 p.c. forming a clear solution which readily 
coagulated on the addition of fibrin ferment. The capacities of the 
fibrinogen solution and of the fluid remaining after coagulation of the 
fibrinogen and removal of the clot to combine with carbon dioxide were 
determined. 

Fibrinogen m 1 % NnCl (alvcolated) 0 % CO, 

Fluid after removal of fibrin {nlveolatcd) ... 3 % „ 

Whatever view is taken as regards the globulin of plasma, i.c. 
whether it is, regarded as consisting of fibrinogen only which on coagula- 
tion splits into fibrin and serum globulin, or whether fibrinogen and 
serum globulin are considered to be present in plasma, it is clear that 
fibrinogen dissolved in neutral salt solution combines with carbon 
dioxide. On the assumption that the only globulin present in plasma 
is fibrinogen, and taking the amount present in ox plasma as -5 p.c., 
the above figuies show that a gram molecular weight of carbon 
dioxide is carried by approximately 1250 grams of fibrinogen. The 
amount of fibrinogen which dissolves in a gram molecular weight of acid 
or alkali is approximately 1G,000 grams. It is necessary to assume 
therefore that the association of carbon dioxide with fibrinogen is not 
of the same kind as that involved in the solution of globulin by acids and 
alkalies. The results indicate that carbon dioxide is adsorbed by fibrinogen 
rather than that a chemical relation exists between the two substances. 

(ii) Serum protein from normal blood. The experimental results 
indicating that carbon dioxide may be associated with fibrinogen 
demanded that a similar investigation should be made on the protein 
of serum. The initial difficulty was to obtain the proteins of serum free 
from salt without decomposing the labile protein complex. Bayliss(S) 
freed serum from salt by dialysis and found that the resultant fluid 
possessed no capacity to carry carbon dioxide. The objection to this 
method is the prolonged dialysis which is necessary to free serum from 
diffusible, substances. Precipitation of the proteins by neutral ■ 
alBo appeared to bo inadmissible owing to the large quantity of 
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above figures. Incidentally they show one or both of two things, 
(a) either C0 2 is carried other than as sodium bicarbonate, or (b) lactic 
acid added to blood is not neutralised by bicarbonate only but by other 
substances in blood, i.e. protein. Both these possibilities ultimately lead 
to the same conclusion — that the protein of blood can combine with 
•acids, lactic acid or carbonic acid, and that the resulting complex is of 
an essentially labile nature. 

The capacity of proteins of blood to carry carbon dioxide. 

(i) Fibrinogen. Many phenomena observed in the coagulation of 
blood indicate that carbon dioxide may enter into intimate relations 
with fibrinogen. Among such phenomena may be mentioned (a) the 
coagulation of peptone blood by carbon dioxide, ( b ) the adjuvant effect 
of carbon dioxide on the production of intravascular coagulation by the 
injection of thrombokinase, and (c) the titratable alkalinity of blood is 
diminished after coagulation (Loewy and Zuntz; v. Limbech). A 
series of experiments were therefore carried out to determine the effect 
of coagulation On the alkali reserve of blood, plasma, and fibrinogen. 

The blood of an ansesthetised eat was obtained directly from the 
carotid artery. To a portion of it potassium oxalate was added to the 
extent of -1 p.c. A second portion was allowed to clot and the fibrinogen 
was removed by whipping. The oxalated blood and the defibrinated 
blood were then alveolated and their C0 2 content determined. 

Oxalated blood 58 % C0 2 

Defibrinated blood - 53-6 % „ 

A control experiment showed that -1 p.c. potassium oxalate had no 
effect on the capacity of blood to carry carbon dioxide. The capacity of 
blood to combine with carbon dioxide was definitely diminished by the 
coagulation and removal of fibrin. 

An experiment similar to the above was carried out on plasma. 
Potassium oxalate to the extent of -1 p.c. was added to the blood of a 
cat and oxalate plasma obtained by centrifuging. A portion of this 
plasma was clotted by the addition of a trace of fibrin ferment and the 
serum obtained after removal of the coagulum. The carbon dioxide con- 
tents of the plasma and serum were compared after both fluids had 
been exposed to alveolar air. 

Oxalalied plasma 51-1 % CO, 

Serum obtained from plasma ... 44-0% „ 

These results, also,~show that the capacity of the fluid of blood to 
carry carbon dioxide is diminished by the coagulation and removal of 
fibrin. 
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(iii) Serum protein obtained from serum saturated witli carbon 
dioxide and serum freed from carbon dioxide. On the hypothesis that 
serum protein acts as a weak acid and thereby confors on sodium bi- 
carbonate the function of being an efficient physiological carrier of carbon 
dioxido it is clear that protein obtained from serum saturated with CO. 
should contain the minimal number of sodium ions in its complex 
whilst protein obtained from serum freed from C0 2 should be fully 
loaded with sodium ions. In the former case such protein dissolved in 
water should possess a capacity to carry carbon dioxide much greater 
than that of protein obtained from C0 2 -free serum. To test this hypo- 
thesis two portions of the same serum were taken. The first portion was 
saturated with carbon dioxide. After saturation it was found to contain 
152 p.c. of carbon dioxide. The second portion had C0 2 -free air pulled 
through it for four hours. At the end of that time its C0 2 content was 
reduced to 8 p.c. Both these serum fractions were precipitated by 50 p.c. 
alcohol at — 10° C., and the protein precipitated from each was dried, 
in the way previously described. In each case the dried precipitate was 
dissolved in a volume of water equal to that of the original serum. The 
quantities of C0 2 contained in each of these solutions after being sub- 
mitted to alveolar air* were now determined with the following results: 
Protein precipitated from serum saturated with C0 2 combined with 
18-4 p.c. C0 2 when dissolved in a volume of water equal to that of the 
original serum. Protein precipitated from serum partially freed from 
C0 2 when dissolved in a volume of water equal to that of the original 
serum combined with 17-4 p.c. C0 2 . 

The practical identity of the capacity to carry carbon dioxide of 
protein obtained from (a) Berum saturated with C0 2 and (5) serum freed 
from CO. indicates that proteins do not function as acids in the bicar- 
bonate system of serum and that the amount of sodium contained in the 
protein complex does not vary with the quantity of CO. contained in 
the serum. 


Remarks. 

Direct evidence against the hypothesis that hremoglobin or the pro- 
teins of blood function as weak acids capable of sharing the available 
alkali of blood with CO. has been given in the foregoing pages. This 
evidence consists of (a) the equality of the available alkali contained in 
the ash of serum obtained from CO.-frce blood and normal blood, 
(5) the equality of the available alkali contained in the ash of protein 
precipitated from CO.-frce serum and normal serum, and (c) the effect 
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salt required, and the difficulty of freeing the precipitate from the 
precipitating salt. A method previously described by one of us(l 7 i of 
precipitating the serum by cold alcohol was adopted. This method 
consists in oooling absolute alcohol to - 10° C. by a mix ture of ice and 
salt and adding to the cooled alcohol an equal volume of serum cooled 
to 0° C. The mixture is kept at - 10° C. for ten minutes after which the 
precipitated protein is obtained as a compact mass by a Martin’s 
centrifuge. The precipitate is washed once with absolute alcohol and 
then twice with ether. After this it is air-dried and dissolved in water. 
The protein dissolves readily in water forming a solution very similar in 
appearance to that of the original serum. As evidence of the small 
amount of change suffered by the proteins in this procedure it may be 
stated that if plasma be used as the original fluid the solution obtained 
after alcohol precipitation, etc., coagulates on adding a trace of fibrin 
ferment. The protein precipitated from human serum by cold alcohol, 
dissolved in a volume of water equal to that of the original serum, 
combined with 21-3 p.c. C0 2 when exposed to alveolar air. This protein 
was associated with a considerable quantity of inorganic salts. To 
determine the relative quantities of carbon dioxide associated with the 
protein and the salts contained in the precipitated complex a similar 
experiment was done on another sample of the same serum in which 
the protein precipitate was ashed. The ash was dissolved in a volume of 
water equal to that of the original serum. This fluid combined with 
15-5 p.c. C0 2 . Therefore, assuming that all the alkali contained in the 
ash capable of carrying carbon dioxide existed in the protein precipitate 
in an equally free manner, the figures show that 5-8 p.c. C0 2 was associ- 
ated with the protein independently of any alkaline salt which might 
have been contained in its complex. Incidentally the results show that 
sodium bicarbonate does not exist free in serum since 50 p.c. alcohol at 
— 10° C. does not precipitate a -2 p.c. solution of sodium bicarbonate. 
Evidently the alkaline salts contained in the protein precipitate were 
present in the serum associated with the protein complex. The above 
experiment has been repeated with many sera. The following figures 
illustrate the results obtained from cats’ serum: 

Serum protein 22-5 % C0 2 

Ash of protein 11-0 % „ 

Minimum quantity of C0 2 associated with protein 11-5 % „ 

Tbe experimental results indicate that not only fibrinogen, 'but also the 
other proteins of ^plasma combine with carbon dioxide. 
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with chloroform and ether after a preliminary dose of morphia. The 
chest was widely opened and the phrenic nerves cut in order to exclude 
as far as possible the mechanical influence of the respiratory movements 
on the circulation. Artificial respiration was maintained by means of 
a pump, and the degree of ventilation of the lungs was usually recorded 
by connecting a side tube on the tracheal cannula with a recording 
tambour. The composition of the air blown into the lungs could be 
varied by attaching a bag containing the desired mixture of gases to the 
inlet tube of the respiration pump. The respiratory movements made 
by the animals were recorded by attaching a thread to the chest wall; 
the other end of the thread was attached to a recording lever or tambour. 
Ab a rule, either the stellate ganglia were removed or the cardiac ac- 
celerated nerves were divided. 

Except where otherwise stated the upper tracing in each figure 
represents the respiratory movements of the chest wall, the middle 
tracing indicates the blast of the respiration pump, and the lower tracing 
records the arterial pressure. The time marker records periods of ten 
seconds. The numbers placed either below the blood-pressure tracing 
or just beneath the record of the respiratory pump indicate the pulBe- 
rate at that moment. 


Results. 

-The observations to be described fall into two main groups. The 
first consists of experiments relating to the possibility of irradiation of 
impulses from the respiratory to the vagus centre; the second includes 
experiments carried out to determine whether distension and collapse 
of the lungs gives rise to afferent impulses travelling up the vagi to the 
vagus centre, and reflexly modifying its tone. 

Irradiation from the respiratory centre. The activity of the respiratory 
centre was excited, or increased, by raising the tension of carbonic acid 
in the blood, and several methods were adopted for this purpose. In 
some experiments the blast of the respiration pump was kept constant, 
and a small amount of carbonic acid was added to the air blown into 
the lungs (Fig. 1). In others, in confirmation of experiments previously 
described P), the blast of the pump was reduced so as to cause very- 
slight inflation of the lungs, oxygenation of the blood being maintair*c 
by blowing into the lungs air containing a very large percentage ct 
oxygen. In other experiments again the artificial respiration 
stopped for a short time (Fig. 2). 

PH. LtV. 



THE RELATION BETWEEN RESPIRATION AND THE 
PULSE-RATE. By F. A. BAINBRIDGE. 


( From the Physiological Laboratory, St Bartholomew's Hospital 

Medical School.) 

It is well known that a close relationship usually (though not invariably) 
exists between the degree of activity of the respiratory centre and the 
rate of the pulse. In man, for example, the dyspnoea induced by 
breathing air containing a slight excess of carbonic acid is often asso- 
ciated with considerable acceleration of the pulse-rate. Several explana- 
tions of this relationship have been put forward. Traube suggested 
that, when the respiratory centre is unusually active, an overflow or 
irradiation of impulses from the respiratory to the cardio-inhibitory 
centre takes place and that these impulses lessen the tone of the cardio- 
inhibitory centre. This view was supported by the observation of 
Eredericq that, when the chest was open and the lungs collapsed, the 
frequency of the pulse varied synchronously with the respiratory efforts 
made by the animal. On the other hand, Hering’s observations led 
him to conclude that afferent impulses passing from the lungs to the 
cardio-inhibitory centre reflexly alter the pulse-rate, and that such 
impulses, set up by distension or collapse of the lungs, are responsible 
for the inspiratory quickening and expiratory slowing of the pulse often 
observed in animals. This conclusion was accepted by Brodie who 
found that stimulation of the central end of the pulmonary branches 
of the vagi caused inhibition of the heart. Another possibility is that 
increased respiratory movements influence the pulse-rate mainly or 
entirely by increasing the return of blood to the heart, thereby evoking 
reflex acceleration of the heart. 

The experiments described in this paper were carried out in order to 
determine first howfar each of these explanations holds good and, second, 
to Avhab extent the respiratory system is concerned in the regulation of 
the pulse-rate. 

Methods. Almost all the experiments were carried out on cats anaes- 
thetised with ether; a few observations were made on dogs anaesthetised 
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efforts made by the animal appreciably affected the return of blood 
to the heart unless these efforts became almost convulsive in character. 

These experiments show that, when the influence of the respiratory 
movements on the circulation is excluded, even marked and exaggerated 
activity of tho respiratory centre, such as would normally manifest itself 
as severe dyspnoea, does not give rise to an overflow or irradiation of 
impulses to the cardio-inhibitory centre of such a kind as to lessen the 
tone of this centre. The cause of the slowing of the pulse-rate associated 
with very violent respiratory efforts will be discussed subsequently. 

Afferent impulses from the lungs. In confirmation of Yandell 
Henderson’s observation it was found that vigoious artificial venti- 
lation of the lungs invariably brought about considerable acceleration 
of the pulse-rate and abolished the activity of the respiratory centre 
(Fig. 3). 

The suggestion that the over-ventilation of the lungs mechanically 
interferes with the flow of blood through the lungs, and that the accelera- 
tion of the pulse is secondary to the changes in the circulation naturally 
presents itself in the first instance. Although excessive pulmonary venti- 
lation undoubtedly obstructs the flow of blood through the lungs, it is 
possible, when 1 ' the chest is opened and tho lungs can expand freely, to 
carry out fairly vigorous artificial respiration and yet to avoid any 
material disturbance of the circulation. If the blast of the pump is 
carefully regulated the lungs can be considerably over-ventilated without 
producing any appreciable change in the arterial pressure and the pulse 
pressure, and with a comparatively small rise in the venous pressure. 
In a few experiments the pressure in the superior vena cava was noted, 
and it was found that even fairly vigorous artificial respiration raised 
the pressure by only a few mm. of water. It is probable, therefore, that 
mechanical interference with the circulation in these experiments plays 
a comparatively subsidiary part in bringing about the acceleration of 
the pulse, though its influence cannot always be entirely excluded. 

Apart from the mechanical factor, there are two possible explanations 
of the acceleration of the pulse brought about by over-ventilation of the 
lungs. The first is that the acceleration may be reflex in origin and 
dependent on the presence in the lungs of afferent fibres travelling up 
the vagus to the cardio-inhibitory centre, and that distension of the 
lungs sets up impulses which pass along these fibres and reflexly lessen 
the tone of the cardio-inhibitory oentre. The second is that the alteration 
in^the reaction of the blood, consequent on the over-ventilation of the 
lungs, directly affects the tone of the cardio-inhibitory centre. 
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Although each of these procedures led to a striking increase in the 
activity of the respiratory centre, as measured by the respiratory move- 
ments of the chest- wall, the pulse^rate was unaffected for a time, as is 
seen in Figs. 1 and 2; as the respiratory efforts became increasingly 
violent, marked slowing of the pulse took place. It was necessary, when 
carbonic acid was being blown into the lungs, to keep its percentage verv 
low; if a large percentage of carbonic acid was blown into the lungs, tl 



l 2 3 


Fig. 1. Effect of adding C0 2 to the air entering the lungs. Top tracing =resp. offorts, 
b.p. 90-95 mm. Hg, 

Fig. 2. Effect of asphyxia. Top tracing =resp. efforts, b.p. at onset of asphyxias 
94 mm. Hg. 

Fig. 3. At A the blast of the pump was gradually increased, n.p. = 110 to 115 mm 
Hg. 

respiratory movements at once became very violent and the pulse-rat 
immediately became very slow. In all the experiments just describe 
the presence of vagus tone, and therefore the possibility of accelert 
tion of the pulse-rate, was demonstrated either by subsequent sectio 
of the vagi or by other means. Apart from the experiments in whic 
asphyxia was produced, the arterial pressure and the pulse- pressure r( 
mained almost steady, and no evidence was obtained that the respirator 
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sufficient length of the vagus trunk is available, especially on the right 
side. In every experiment the pulmonary vagal branches were stimulated 
on both sides. 

In the dog, stimulation of the central end of the pulmonary branches 
of the vagi caused absolutely no change in the pulse-rate, although the 
respiratory movements were completely inhibited (Pig. 4). The result 


o 


s 


7 


Fig. 5. Cot. B.r. = ]00 mm. Hg. Stimulation of right pulmonary vagus (central end). 

Upper tracing represents respiratory movements of the chest-wall. 

Fig. 6. Cat. A, stimulation of right pulmonary vagus low down. B, electrodes moved 
up nearer the cardiac branches of the vagus. 

Fig. 7. A, stimulation of left pulmonary vagus (central end). B, stimulation of left vagus 
(central end) in the neck. 

was negative whatever the strength of current used. In the cat also, 
stimulation of the vagus just above the point at which the pulmonary 
fibres joined it, while inhibiting respiration, had no effect on the pulsc- 
rato (Fig. 5), provided that care was taken not to use a very strong 
curront and not to apply the electrodes too near the point at 
cardiac nerves leave the main vagus trunk; in the ! ■ ■ 
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For the purpose of deciding between these two possibilities, Brodie 
and Russell’s experiments on the effect of stimulating the central end 
of the pulmonary branches of the vagi were repeated. These observers 
exposed the pulmonary vagi by resecting the sixth to the ninth ribs 
from the sternum to the vertebral column, usually on one side, in the dog. 
Stimulation of the different branches passing from the lungs to the 
vagus trunk led to slowing of the heart and inhibition of respiration; 
and comparatively weak stimuli were effective. In the present enquiry 
six experiments have been made on this point, four in cats and two in 



p. m 




A 

Fig. 4. Dog. Upper tracing =resp. efforts, b.p. 105 mm. Hg. At A the central end 
of the left pulmonary vagus was stimulated rath a fairly strong current. 

dogs; the chest was widely opened and the pulmonary nerves were 
exposed as they left the vagi to enter the lungs. On the left side the 
pulmonary branches leave the main vagus trunk just at or below the 
top of the aortic arch ; on the right side they leave the vagus below the 
azygos vein. In the dog the nerves are sufficiently large to be dissected 
out and stimulated separately. The nerves in the cat are so slender that 
a different procedure was adopted. The vagus was divided below the 
lungs, and the central end of the vagus was stimulated just above the 
point at which the pulmonary fibres joined it and below the point at 
which the lowest cardiac fibres left the vagus trunk ; for this purpose a 



RESPIRATION AND PULSE-RATE. 


199 


out of carbonic acid from the blood. Under these conditions, the activity 
of the respiratory centre and presumably the reaction of the blood were 
unaffected by the over-ventilation of the 

lungs. After a short time the blast of the , _ „ , v ■ 

pump was reduced and atmospheric air was 
once more blown into the lungs. The pulse- 
rate remained the same before, during, and , 
after, the period of over-ventilation. This is f 
shown in Fig. 8 which represents the tran- J 
sition from vigorous artificial respiration, 1 
carbonic acid being added to the air, to 
moderate artificial respiration with atmo- 
spheric air. The respiratory movements of 
the chest wall gave a poor graphic record, , ^ , 

but direct observation of these movements 
showed that they were practically the same 
whether the hlast of the pump was moderate 
or strong. J 

This experiment makes it clear that " 

neither distension of the lungs as such, nor . TI . 

O ’ Fig. 8. Upper tracing— rcspira- 

mcchamcal disturbance of the circulation due torv .efforts. At A the blast 

to the distension, plays any significant part blown 

in bringing about the acceleration of the into the lungB. Pre\ ions to the 
pulse usually associated with over-ventilation j^‘ 
of the lungs, and that the important factor 

at work is the abolition of the activity of the respiratory centre con- 
sequent on a fall in the H ion concentration of the blood. 

Hill and Flack have shown that the cardio-inhibitory centre is 
stimulated by a Budden rise in the tension of carbonic acid in the blood, 
and Langley haB called attention to the readiness with which the 


centre responds to this stimulus. These observations have been re- 
peatedly confirmed in the present enquiry. "When the lungs are being 
artificially ventilated and the blast is constant, the addition of carbonic 
acid to the air entering the lungs must bring about a fall in the p n of 
the blood, since there is no compensatory action on the part of the 
respiratory system. The intensity of the respiratory efforts made by 
the animal in these circumstances was taken as evidence of such a change, 
and no attempt was made to measure the p n of the blood directh. 
Similarly the abolition of the activity of the respiratory centre as a 
result of over-ventilation of the lungs was assumed to4>e,due to a rise of,* 
the p n of the blood. There can be little doubt, ’ ' f • 
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slowing of the heart took place and was presumably due to escape of 
current. For example, in the experiment illustrated in Fig. 6 stimulation 
of the right pulmonary vagus as low down as possible (A) had no effect 
on the pulse-rate; when the electrodes were moved up nearer to the 
cardiac fibres inhibition of the heart took place (B). That the reflex 
path for cardiac inhibition had not been disturbed during the operative 
procedure involved in the experiments was always demonstrated either 
by subsequently cutting one vagus in the neck and stimulating its 
central end (Fig. 7 b) or by applying the electrodes to the central end of 
the cardiac branches of one vagus. 

Some experiments were also made to determine the effect on the 
pulse-rate of over-ventilation of the lungs after section of the pulmonary 
branches of the vagi. It is obvious that, if the acceleration of the pulse 
is brought about by afferent impulses passing from the distended lungs 
to the cardio-inhibitory centre and lessening its tone, the effect should 
be abolished by cutting the pulmonary branches of the vagi. The experi- 
ments showed, however, that vigorous artificial respiration produced 
acceleration of the pulse equally well whether the pulmonary branches 
of the vagi were intact or had been divided. The result of a typical 
experiment is shown in the following protocol : 


Cat; ether anaesthesia, 
respiration. 


Chest widely open and phrenic nerves divided; artificial 


Blast of pump 


(1) Vagi intact 

(2) Pulmonary branches of vagi divided 




moderate 

vigorous 

Pulse-rate 

| («) 
1(6) 

144 

128 

192 

180 

Pulse-rate 

1(«) 

1(b) 

120 

120 

160 

180 


The evidence just detailed definitely points to the conclusion that 
no afferent fibres pass (in the vagi) from the lungs to the cardio-inhibitory 
centre, and that, consequently, distension or deflation of the lungs 
does not give rise to impulses capable of reflexly bringing about an 
alteration in the pulse-rate. 

The observation that vigorous artificial respiration leads to accelera- 
tion of the pulse-rate even after section of the pulmonary vagi suggests 
that the altered reaction of the blood, consequent on the washing out of 
carbonic acid from the blood, is responsible for the increased pulse-rate. 
Direct evidence in favour of this view was furnished by experiments in 
which vigorous artificial respiration was carried out, a small amount of 
carbonic acid being added to the air blown into the lungs. The amount 
of carbonic acid sent into the lungs was so adjusted as to compensate 
approximately for the over- ventilation and thus to prevent the washing 



RESPIRATION AND PULSE-RATE. 


201 


Each inspiration increases the diastolic filling o£ the heart and gives 
rise to reflex acceleration of the pulse-Tate; with the onset of expiration 
the stimulus to acceleration passes off and the pulse becomes less 
frequent. The conditions predisposing to sinus arrhythmia appear to 
be an infrequent pulse and slow deep breathing. In these circumstances, 
the diastolic filling of the heart will be greater than usual and the ac- 
celerator reflex will be more readily evoked. 

On the other hand, it is possible that both the cardiac depressor reflex 
and the accelerator reflex are involved in the rhythmic variations of the 
pulse-rate during respiration, and that the occurrence of these rhythmic 
changes in puise-rate is due to a balancing action on the part of these 
two opposing reflexes. On this view, the greater diastolic filling of the 
heart during inspiration leads to reflex quickening of the pulse-Tate; 
at the same time the output of the heart increases and the arterial 
pressure rises. The rising arterial pressure brings the depressor reflex 
into action, and the pulse slows during expiration, partly for this reason 
and portly because the stimulus to acceleration passes off. If this 
explanation is correct, the normal steady rate of the pulse must be due 
either to a more perfect balancing of the depressor and accelerator 
reflexes or to their not being called into action. 

An attempt was made to ascertain whether, under suitable condi- 
tions, both the accelerator and the inhibitory cardiac reflexes are simul- 
taneously evoked. The abdomen was compressed before and after 
section of the left vagus. The heart was enclosed in a cardiometer and 
its volume and output were graphically recorded. It was found that the 
increased volume and output of the heart, and the Taised arterial pressure, 
consequent on the abdominal compression, led to slowing of the pulse- 
rate when both vagi were intact, and in some experiments to acceleration 
of the pulse after section of the left vagus. The following protocol 
illustrates an experiment of this kind: 


Cat anccsthetised with ether. Heart enclosed in cardiometer. Artificial respiration. 



Arterial 

(a) Both vagi intact. 

pressure 

(1) Before abd. compression 

24 

(2) During „ „ 

44 

(6) Left vagus divided. 


(1) Before abd. compression 

32 

(2) During „ „ 

52 


Volume and output 
PuUe rate of heart 

356 — 

132 Vol. larger; output per 

beat almost doubled. 

150 — 

1G8 VoL larger; output per 

beat increased. 


The result just described was not invariably obtained and, ns the 
outcome of a large number of experiments on this point, it seems probable 
that considerable variation exists in thojalatiymproportion of afferent 
cardiac fibres running in the right .fifid lift' Aigibjfjrftpectively. But it 
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of the cardio-inhibitory centre is directly affected by the reaction of the 
blood, being intensified by a fall, and lessened or abolished by a rise, 
in the p H of the blood. It does not seem very probable, however, that 
variations in the p H of the blood can play any effective part in regulating 
the pulse-rate in the normal individual, since all the evidence goes to 
show that, except during muscular exercise, the reaction of the blood is 
practically constant; and during exercise other factors affecting the 
pulse-rate override the influence of the altered p H of the blood. 

The observations just described lead to the conclusion that neither 
the degree of activity of the respiratory centre nor the degree of dis- 
tension of the lungs have in themselves any influence on the pulse-rate 
either by irradiation to the cardio-inhibitory centre, or by setting up 
a reflex alteration of the tone of this centre. The cause of the accelera- 
tion of the pulse usually observed in the normal animal or in man during 
hyperpncea or dyspnoea must be sought, therefore, in the changes taking 
place in the circulation as a result of the respiratory movements. It 
appears necessary also to regard changes in the circulation as the most 
probable explanation of the inspiratory acceleration and expiratory 
slowing of the pulse-rate which, when it occurs in man, is known as 
sinus arrhythmia. Further, it seems clear that, since the respiratory 
system does not affect the pulse-rate either by irradiation or by afferent 
impulses from the lungs, the rate of the pulse must be controlled pri- 
marily by the heart itself. The work of Krogh and of Evans has 
made it evident that, generally speaking, the efficient and economical 
working of the heart necessitates a close correlation between the pulse- 
rate and the work done by the heart; and it is essential for this purpose 
that the heart should possess some means whereby it can regulate the 
frequency of the pulse. On this view, the variations in the pulse-rate 
during hyperpncea or in sinus arrhythmia represent one aspect of a 
fundamental process concerned in regulating the pulse-rate under all 
conditions. 

The means available are first the depressor nerve and, second, the 
reflex path whereby diastolic distension of the right side of the heart 
evokes acceleration of the pulse'. 

It appears highly probable that the acceleration of the pulse-rate 
associated with dyspnoea is due to the fact that the more vigorous 
respiratory movements lead to a larger return of blood to the heart; 
this, by bringing about some diastolic distension of the heart gives rise 
to reflex acceleration of the pulse. The presence of this reflex mechanism 
also furnishes a satisfactory explanation of rhythmic inspiratory ac- 
celeration and expiratory slowing of the pulse-rate (sinus arrhythmia). 
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appears that, at least in some cats, the cardiac depressor fibres which 
carry impulses bringing about reflex slowing of the pulse-rate run mainly, 
though not entirely, in the left vagus (including the depressor nerve). 
In such cases section of the left vagus makes it possible to bring about 
acceleration of the heart by abdominal compression. These experiments 
suggest, therefore, that, when the diastolic volume of the heart and the 
arterial pressure are simultaneously increased, both the accelerator and 
the inhibitory cardiac reflexes are set in action, although the inhibitory 
reflex is the more powerful. 

In the present enquiry no definite evidence was obtained to show 
whether these reflexes are constantly in action or are only evoked when 
the arterial pressure or the diastolic distension of the right side of the 
heart rises above the normal level; but it is evident that, if they are 
not usually in action the cardio-inhibitory centre must possess an inherent 
tone susceptible of modification by these reflexes, whereas, if these 
reflexes are constantly at work, the tone of the cardio-inhibitory centre 
must be largely or even wholly reflex in origin. This point is being 
investigated. 

Conclusions. 

(1) No evidence was obtained either that impulses pass by irradia- 
tion from the respiratory centre to the cardio-inhibitory centre and alter 
the tone of the latter or that afferent impulses, capable of reflexly affecting 
the pulse-rate, pass from the lungs to the cardio-inhibitory centre. 

(2) The tone of the cardio-inhibitory centre is modified by changes 
in the reaction of the blood, being increased by a fall, and diminished 
by a rise, in the p H of the blood. 

(3) The regulation of the pulse-rate is carried out primarily by the 
heart itself, and the respiratory movements influence the pulse-rate 
only in so far as, by bringing about changes in the circulation, they call 
into action the regulative mechanism possessed by the heart. 

This investigation was carried out with the aid of a grant from the Medical Research 
Committee to which I wish to express my indebtedness. 
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THE INFLUENCE OF VENOUS PRESSURE UPON 
THE HEART-RATE. By K. SASSA. M.D. (Tokio) 
and H. MIYAZAKI, M.D. (Tokio). 

(From the Institute of Physiology , University College, London.) 

Bainbbidoe(I) found that increased venous filling of the heart in 
dogs by injection of blood or saline solution, led to a rise of venous 
pressure and to acceleration of the heart. He concluded that thiB quick- 
ening of the heart rate is reflex in origin and is due chiefly to diminution 
of vagus tone and partly to increased accelerator tone, since it is not 
necessarily or usually accompanied by changes in arterial pressure or 
in the respiratory movements, and it does not depend upon the char- 
acter and amount of the injected fluid, except in so far as this raises 
the venous pressure. He found also no evidence that the activity of the 
suprarenal glands increased. 

Such a reflex must play a very important part in the circulation. 
It stands in contrast with the diminution of heart-rate caused by 
increase of arterial pressure. Prof. Starling suggested to us that we 
should determine whether a similar reflex occurs in the frog. As our 
experiments on the frog gave negative results — the explanation of which 
we Bhall give later — we repeated the experiments on the rabbit, cat and 
dog, and having in certain cases obtained positive results, we proceeded 
to investigate the parts of the heart and blood vessels from which the 
reflex could be obtained. It may be mentioned here that it is essential 
both in the frog and mammal for the injected fluid to be at the same 
temperature as the heart; observations on this point in the mamma 
have been made by Knowlton and StarlingP). 

Experiments on frogs. 

Methods. The brain of the frog was destroyed, and then the heart 
was exposed by opening the chest. A cannula attached to one limb of 
a three-way tube was inserted into the left carotid artery, the second 
limb being connected with a mercury manometer and the third with a 
T'-shaped tube, which was used to keep the artery pressure constant by 
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The absence of effect of venous pressure on the frog’s heart may in 
large part he attributed to the normal absence of vagus tone, which 
manv observers!*) have found in this animal. The experiments also 
show that venous pressure does not excite — or at any rate does not 
easily excite — sympathetic tone. Confirmation of this was obtained by 
repeating the experiment after injecting atropine; increased venous 
pressure had no effect on the heart-rate. 

Experiments on warm-blooded animals. 

Methods. The experiments were carried out on dogs, cats and rabbits 
amesthetised with a mixture of chloroform and ether after a preliminary 
dose of morphia. The methods adopted were on the whole the same as 
Bainbridge’s on dogs; some modifications were as follows: (1) the 
pulse-rate was counted from the tracing of the blood-pressure of the 
carotid artery. (2) In order to measure the venous pressure in most 
experiments the v. jug. ext. close to the pleural cavity instead of v. 
iliaca was connected with a water manometer. The fluid was usually 
rather rapidly injected in small or moderate amount into the v. jug. ext., 
for this method could be repeated several times on the same animal 
without inducing abnormal conditions of the circulation; but when the 
rate of heart was already quick owing to some cause (absence of vagus 
tone before or after atropine, etc.) larger amounts of fluid were injected. 
(3) The temperature of the animals was usually measured by' inserting 
a thermometer through a small hole made in the second intercostal 
space into the mediastinal cavity; it rested upon the pericardium. (4) The 
rate at which the fluid was allowed to enter the vein was regulated by 
using a spring clip connected with the reservoir of the fluid, so that the 
arterial pressure was kept as nearly constant as possible during the 
injection. (5) The experiments were carried out under artificial respira- 
tion, so that the effect due to changes in respiration was excluded. 
(G) The venous pressure represented is not the absolute but the relative 
one. 

Rabbits. The injection of a rather large amount of fluid for, the size 
of this animal in spite of a considerable rise of venous pressure has no 
effect upon the heart-rate. The slight changes in the rate as shown in 
the protocols are more probably to be accounted for as unavoidable 
experimental errors than as a reflex action caused by the injection. 

Of 16 cases of injection, 12 showed no change in heart-rate, 3 
showed a slight increase, and 1 a slight decrease, 'if we had made a 
sufficient number of experiments we should probably have obtained a. 



204 


A'. SASSA AND H. MIYAZAKI 


allowing the excess of fluid to flow out, the height of the tube being 
changed at will. The left v. cava ant. or sometimes v. cava post, was 
connected with a cannula which was attached to one limb of a four-way 
tube; the other three limbs were connected with a water manometer, a 
thermometer and a reservoir respectively. Care was taken to avoid any 
mechanical injury of the vagus. By changing the height of the reservoir 
(Mariotte’s bottle) the pressure under which Ringer’s solution from it 
entered into the sinus was controlled. The heart-rate was sometimes 
counted by means of a stop-watch, sometimes the heart beats were 
recorded by Engelmann’s method. 

The preparation was left for some time before the beginning of the 
experiment, until the heart-rate became constant. The venous pressure 
was raised gradually or suddenly from zero or 1 cm. to a few or sevoral 
cm. water pressure. 

With this procedure the heart- rate instead of increasing decreased 
slightly. This decrease seemed to bo due partly to the increase of arterial 
pressure, but chiefly to weakening of the heart, for it did not recover its. 
original rate after the venous pressure was brought to the initial level. 
In some of our experiments, when the venous pressure was moderately 
raised, slight increase in the heart-rate was observed. This, however, 
was found to be due to the temperature of the heart being 1° C. or more 
below that of the Ringer’s solution infused into the sinus, owing to 
/evaporation from the exposed heart. In order to avoid this the arrange- 
ment in later experiments was modified by putting the whole heart 
preparation into a large glass bowl filled with Ringer’s solution, the 
infused fluid being introduced into the sinus through a spiral tube im- 
mersed in- the bowl. After this modification the heart-rate remained 
exactly the same in spite of rather considerable rise of venous pressure 
and dilatation of the heart. 

Over one hundred frogs were used. The following protocols are 
typical examples. 

1. if. escnlcnln ; cnrdinc nerves intact. GoKz’s reflex positive. Temp. 11° C. 


Before the experiment 

Pulso 

rale 

2<1 

Venous 

pressure 

00 

Arterial 

pressure 

3 

Venous pressure raised 

2-1 

3 

3 

10" Intor 

24 

0-5 

3 

20" later 

24 

00 

3 

cscuknla; cardiac nerves intact. 

Goll/.’s 

refiex positive. 

Temp. 13° C. 

Before the experiment ... 

30 

1 

4 

Venous pressure raised... 

30 

3 

4 

10’ inter 

30 

1 

4 

20" intor ... 

30 

1 

4 
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The same effect can be produced after cutting off the stellate gan- 
glion, while the vagus remains intact. From the following protocol it is 
seen that the magnitude of the changes in the heart-rate does not 
appreciably alter after cutting the ganglion. 



Sec. 


Xn j 


-J 


Fig. 1. Showing the acceleration of heart-rate by injection of saline solution in cat. 

3. Cat: 3*5 kg. Temp. 36° C. After section of stellate ganglion. Injection of 50 c.c. 
saline solution, in 20*. Temp. 36° C. 



Pulse 

Venous 

Arterial 


rate 

pressure 

pressure 

Just before injection ... 

144 

8 

no 

At end of injection ... 

150 

10 

115 

Just after injection ... 

156 

20 

no 

10* after injection 

150 

15 

no 

25* after injection 

144 

10 

no 


In order to determine the reflex caused by increase of accelerator 
tone alone, we gave a dose of atropine sufficient to paralyse the efferent 
vagus endings, without affecting the fibres. 

4. Cat: 3 kg. Temp. 38® C. Injection of 50 c.c. saline solution, in 20*. Temp. 38° C. 

(ft) Before injecting atropine. 



Pulse 

Venous 

Artcrihl 


rate 

pressure 

pressure 

Just before injection ... 

150 

8 

120 

Just after injection ... 

180 

15 

125 

Later 

156 

9 

120 

(6) After injecting atropine. 


Just before injection ... 

25° 

9 

130 

Just after injection ... 

258 

18 

130 

Later 

252 

11 

130 


All other cases yielded similar results, i.e. there was a slight, but 
only a slight, increase in the heart-rate. The increase we consider is a 
genuine effect due to the reflex acceleration. 

When the vagi were divided, increased venous pressure had no effect 
on tho heart-rate, showing that the normal effect is reflex and that the 
afferent fibres are in the vagus. 
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equal number of increasing and decreasing effects according to the law 
of errors. We consider then that in the rabbit increased venous pressure 
has no reflex effect on the heart-rate. 

After dividing the vagus as well as after the administration of atro- 
pine we could not find any effect of venous pressure upon the heart- 
rate. 

1. Eabbit: 1*2 kg. Temp. 39° C. Injection of 25 c.c. saline solution in 15". Temp. 39° C. 



Pulse 

Venous 

Arterial 


rate 

pressure 

pressure 

Just before injection 

270 

10 

00 

Just after injection ... 

270 

14 

70 

10" after injection ... 

270 

11 

65 


2. Belgian hare: 2-3 kg. Temp. 39-3° C. Injection of 50 c.c. saline solution in 15". 


Just before injection 

Temp. 39° C. 

288 

10 

100 

Just after injection .. 

288 

18 

105 

15" after injection .. 

288 

11-5 

100 


3. Rabbit: 1-5 kg. Temp. 37-5° C. Injection of 25 c.c. saline solution in 25". 

Temp. 37-5° C. 


Just before injection 

222 

9 

65 

At end of injection ... 

220 

16 

65 

10" after injection ... 

222 

12 

65 

20’ after injection ... 

222 

10 

65 


The experimental results in the rabbit are in good agreement with 
those found on frogs. The rabbit is known to be an animal which has 
normally no vagus tone, especially when the lungs are well ventilated fi). 
Therefore our negative results are mainly due to the absence of vagus 
tone, and as in the frog the sympathetic effect is not easily produced by 
the rise of venous pressure. 

Cats. Most cats have some vagus tone, and the rapid injection of 
moderate or larger amount of Ringer’s solution evokes definite quick- 
ening. This will be seen from the following examples. 

1. Cat (see Fig. 1): 3 kg. Temp. 37-5° C. Injection of 50 c.c. saline solution in 20". 

Temp. 37-5° C. 



Pulse 

Venous 

Arterial 


rate 

pressure 

pressure 

Just before injection 

216 

5-5 

130 

At end of injection ... 

222 

11 

130 

Just after injection... 

240 

17 

130 

16" after injection ... 

218 

11 

130 

25" after injection ... 

216 

10-5 

130 

kg. Temp. 37-5° C. Injection 

of 50 c.c. 

saline solution in 25". Temp. 

Just before injection 

222 

14-5 

130 

At end of injection ... 

234 

20 

130 

Just after injection... 

246 

26 

130 

20' after injection ... 

228 

19 

130 

40" after injection ... 

222 

17-5 

130 
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increased accelerator tone. The latter we found usually difficult to obtain. 
The afferent fibres of the reflex probably only occur in the vagus stem. 
The negative effect found on frogs and rabbits is obviously due to 
absence of normal vagus tone. 

Distribution of afferent fibres. 

Method. Following the suggestion of Prof. Starling we used the 
method of distending different parts of the vascular system by means 
of a balloon. The experiments were made in two ways: (1) a metal tube 
with a small hole at one end covered with a rubber membrane, was 
passed down the v. jug. ext. into any desired part of the v. cava sup. or 
inf. (or sometimes in the right auricle). The other end of the tube was 
connected with a syringe by means of which air was pressed into the 
balloon to distend the vein. (2) The chest of the animal was opened and 
the right or left auricle was exposed. At the appendage a small hole was 
made through which a tube with a rubber balloon at its end was 
introduced into the auricular cavity. Sometimes a tube without a 
rubber balloon was inserted and Ringer’s solution was injected into 
the auricle. Recording arrangements for the venous pressure and 
pulse-rate were the same as those used in those already described. 

The right auricle. The distension of the right auricle causes definite 
acceleration of the heart usually accompanied by a rise of venous 
pressure without inducing necessarily any marked changes in the arterial 
pressure, provided that the distension lasts for some time (cp. the 
accompanying protocols). Short duration, e.g. one second, has no 
accelerating effect. 

1. Dog: 0*7 kg. Temp. 30-3° C. Distension of the right aunole. Air, S c.c. 
fa) Distension lasted 18". 



I’ul«e 

Venous 

Arterial 


rate 

prt ssurc 

picssure 

Before djstcnsion ... 

00 

10 

110 

Just at end of distension 

72 

17 

110 

Later 

00 

10 

no 

{l>) Distension lasted 23*. 


Before distension ... 

00 

10 

no 

At end of distension 

00 

17 

no 

Later 

GU 

10 

no 


2. Doj; (Kip. 2): 7 kg. Temp. 30" C. Distension of right auricular appendage, 
duration 13'. 


Before distension ... 

72 

«1 

103 

At end of distension 

00 

0 3 

105 

Later 

84 

0 

105 

Later 

72 

1) 

105 
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Dogs. Vagus tone in the dog is so marked that the heart-rate often 
becomes twice as quick or even more after the division of the vagi. 
Accordingly the acceleration produced by the injection of fluid causing 
a definite rise of venous pressure is usually far more marked in these 
animals than in cats. 

Several experiments were made on dogs, and we obtained results 
like those of Bainbridge. The increase in heart-rate was obtained 
after section of the sympathetic, but not after section of the vagi. We 
failed to obtain unmistakable effects after the administration of atropine 
in small dogs, but we succeeded in finding it in dogs of a larger size. To 
compare the magnitude of the increase of heart-rate in dogs with that 
in other animals, the following two protocols are given. 


1. Dog: 10 leg. Temp. 37-5° C. 

(a) Injection of 100 c.c. saline solution, in 20". Temp. 37-5° C. 

PuIbc Venous Arterial 

rate pressure pressure 

Just before injection ... 81 12 100 

At end of injection ... 122 20 115 

Just after injection ... 108 15 100 

Later 81 13 100 


(6) After administration of atropine. Injection of 100 c.c. saline solution, in 20". Temp. 
37-5° C. 


Just before injection ... 

138 

11 

120 

At end of injection ... 

100 

8-5 

130 

Just after injection ... 

150 

13 

120 

Later 

138 

11 

120 


2. Dog: 10 kg. Temp. 35-5° C. 

(а) Injection of 70 c.e. saline solution, in 20". Temp. 35-5° C. 

Just before injection ... 00 6 140 

Just after injection ... 108 9 150 

10" after injection ... 93 7 140 

Later 70 0 140 

(б) After administration of atropine. Injection of 100 c.c. saline solution, in 25". Temp. 


Just before injection ... 

122 

0 

140 

Just after injection ... 

140 

11-5 

140 

Later 

122 

8 

140 


The reflex effect after the administration of atropine is in large dogs 
beyond dispute, the slight effect found in cats and small dogs may 
perhaps be due to the sympathetic tone being not so easily affected by 
the rise of venous pressure or to its being too strong to show any further 
reflex increase. 

From the experiments on frogs, rabbits, cats and dogs we can con- 
firm the conclusion drawn by Bainbridge that the acceleration of the 
heart produced by the injection of fluid is reflex in origin and is due 
almost entirely to the diminution of vagus tone, to a small extent to 
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arterial pressure. We met however with some cases where the arteria 
pressure remained relatively constant. The accelerating effect was ob- 
tained from the part close to the heart, but was not detected from the 
peripheral part. 

1. Dog: 9 kg. Temp. 37° C. Distension of v. cava inf. (close to the heart) by means 
of balloon. 

Pulse Venous 
rate _ pressure 

Before distension ... G6 10 

At end of distension 84 13 

Later 60 10 

2. Dog: 7-5 kg. Temp. 36-5* C. 


Before distension ... 

144 

7-5 

130 

At end of distension 

169 

9 

125 

Later 

144 

7-5 

130 


Left auricle. The venous pressure was recorded in the jugular vein. 
Great decrease in the arterial pressure did not necessarily occur, when the 
auricle waB distended, probably the full dilatation of the balloon was 
obstructed by the trabecula and a part of the auricular cavity Still 
remained open for the passage of blood. It is also peculiar that a rise 
of venous pressure occurs in the jugular vein. This fact makes it difficult 
to interpret the results on the left auricle, for the rise of pressure in the 
right auricle causes, as we have seen, acceleration. We met however 
with several cases in which the accelerating effect was observed, without 
an accompanying rise of venous pressure in the right auricle, and we 
conclude that impulses Bet" up in the left auricle give rise to the accel- 
eration. The following may be given as examples. 


Arterial 

pressure 

120 

no 

120 


). Dog: 7 kg. Temp. 37-5° C. 

Distension 

by means of balloon. 


Pulse 

Venous 

Arterial 


rate 

pressure 

pressure 

Before distension ... 

110 

7 

120 

At end of distension 

135 

17 

no 

Later 

110 

7 

120 

: 4*7 kg. Temp. 36° C. Injection of Ringer’s solution 50 

c.c. Temp. 

Before injection ... 

99 

7 

120 

At end of injection 

117 

10 

120 

Later 

99 

8 

120 

3. Dog : 9 kg. Temp. 30° C. 

Distension by means of balloon. 

Before distension ... 

90 

9 

125 

At end of distension 

114 

9 

125 

Later 

9G 

9 

125 


As in other cases the accelerating effect was not seen after dividing 
the vagi. 
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The same effect was obtained when the sympathetic nerves had beei 
cut. 

The acceleration is reflex since it no longer occurs when all tb 
cardiac nerves are cut. 


V-P. 9 9 -S' 

PULSE 




r*,i ^ r § ^ ^ r f’i v 'v Aty/a * « , 


yi't: 

■m 


A.P. 105 


9 


\\\ 

\ ' 


^ DifitensrON 




Fig. 2. Showing the acceleration of heart-rate produced by the distension of right auricular 
appendage by means of balloon. Interval between two parts of tracing is 1 . 


The veins. The effect of distension of the veins was next tried. 


V. cava superior (close to the heart). 


(a) Distension by means of balloon. 
1. Dog: 7-5 kg. Temp. 36-5° C. ' 



Pulse 

Venous 


rate 

pressure 

Before distension ... 

144 

7 

At end of distension 

174 

17 

Later 

144 

7 


Arterial 

pressure 

130 

130 

130 


2. Dog: 5-5 kg. Temp. 37-5° C. 

Before distension ... SO 5 110 

At end of distension 138 10 110 

Later 90 5 110 


(6) Clamp. 


3. Dog: 7 kg. Temp. 35-o° C. 


Before clamping ... 
At end of clamping 
Later 
Later 


108 6 

123 12 

114 6 

108 6 


105 

100 

105 

105 


No reflex acceleration was observed by clamping several parts of 
the v. cava superior or the v. jugularis, or by distension or stretching 

them. 

It was not an easy task to obtain reliable results on the v. cava 
inferior, for its occlusion was usually accompanied by a great fall of 


ON THE CORRELATION OF THE RATE OF HEART 
BEAT, BREATHING, BODILY MOVEMENT AND 
SENSORY STIMULI. By WALTER M. COLEMAN. 

My first observations on this subject were made on animals in the 
Zoological Gardens, Regent’s Park. The heart beats can be counted in 
various ways. It may be visible in the chest wall as in the squirrel, 
cheetah, leopard and seal; it may be shown by the vibrations of the 
whiskers; and sometimes, while the head is held up, the carotid pulse 
is visible. 

The ratio of heart beat to the number of steps taken by the animals 
in quiet movement and to their ordinary quiet respiration was deter- 
mined. It was found tha* usually the rate of heart beat was equal to, 
or an even multiple of, the rate of movement and breathing. The fol- 
lowing are some of the observations made. 


Animals 

frumtion of 
observations 
in seconds 

Number 
of heart 
beats 

Steps 
taken in 
•walking 

Ratio of breathing 
to heart beats 

Civet 

30 

GG (seen on side) 

D6 

1 to 4, 5, 4, 4, 4, 5 

Cheetah ... 

30 

CO „ „ 

GO 

1 to 5, G, G, G, G. G, 4, 5 

Leopard ... 

30 

SO (whiskers) 

80 

1 to 4, 4, 4, 4, 5 


In 50 out of 300 observations the rate of steps and presumably of 
heart beat continually varied. But in nearly all these cases there was 
some obvious disturbing factor, such as the animals waiting to be fed, 
or a noise from the attendant. A bear walked at 10 steps in 0 seconds; 
teased by a boy, the steps were 10 in 6-2, G'G, 5-8, 6-2, G-6, G-G, GG, G G, 
showing a recovery of steadiness in two minutes. The observations show, 
1 think, that in animals when undisturbed there is a correlation between 
the discharge of nervous impulses causing movement, and the nervous 
discharge regulating the rate of the heart bent. 

In order to test the matter further I have made observations in 
different ways on man. 

(J) The subject was told to take bis radial pulse with elbows held 
out, and, while taking the pulse, to walk with an easy swing at st 
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The adequate stimulus for the rise of venous pressure can only be 
the mechanical tension tangential to the Avail. . As a matter of fact, in 
the case of the left auricle, we met with reflex acceleration caused by 
the distension of its appendage without accompanying rise of venous 
pressure. Moreover we could produce the same effect by stretching the 
vena cava superior outwards. 


Summary. 

1. The acceleration of the heart-rate produced by the injection of 
fluid causing a rise of venous pressure is, as Bainbridge concluded, 
reflex in origin and chiefly’’ due to the diminution of vagus tone, partly 
to an increase of accelerator tone. 

2. The greater the vagus tone, the more effective is the rise of venous 
pressure upon the acceleration of the heart in different species of animals 
or different individuals of the same animal. 

3. In frogs and rabbits, where the vagus tone does not normally 
exist, no appreciable accelerating effect was found, the sympathetic 
nerves alone being, so far as our experiments go, not sufficient to produce 
this effect. The reflex acceleration due to increase of the accelerator tone 
was only clearly detected in some large dogs in which the heart-rate 
after administration of atropine remained relatively’ slow. 

4. The distension of the auricles and of the great veins close to the 
heart, if it is of sufficiently’ long duration, produces acceleration of the 
heart-rate, %vhich has the same cause as that brought about by the 
injection of fluid. 

5. The reflex acceleration of the heart-rate- may’ be produced by 
afferent impulses arising in both auricles, left as well as right, and in the 
great veins close to their openings in the auricle, but not in any peri- 
pheral veins; thus the afferent impulses probably travel up the vagi. 

We are greatly’ indebted to Prof. Starling and Prof. Bay’liss for 
their kind advice during our experiments. 

REFERENCES. 
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ment without the aid of impulses from the volitional centre by passively 
swinging the arm or leg of the subject at regular intervals. 

That sudden changes in intra-thoracic pressure from sudden opening 
and closing of the glottis may be a factor in controlling the heart is 
indicated by the two following tests; which may also explain why many 
persons cannot take their own pulse without changing its rate: 

The pulse of one person is taken by another and then by himself; 
if the rates differ he takes his own pulse again, this time only counting 
it mentally, keeping the throat relaxed and open. The pulse in most 
cases will now agTec with the rate found by the first observer. The second 
test is to take the pulse in the relaxed way just described, and then to 
take it counting aloud or in a forcible whisper, calling each count a little 
ahead of the pulse beat. Its rate will thereby be quickened 10 or 15 p.c. 
Then it is taken with the count slightly dragging after the beats; this 
retards the rate 10 or 15 p.c. Since the counting is continually accelerated 
or retarded the pulse is not allowed to catch up with the counting. 

Observation of the bare abdominal wall showed that for each act 
of attention, whether sensory or motor, there occurred a slight twitch 
or pause in the respiratory movement of the wall. Thus the muscular 
wall of the body, acting with the diaphragm, and perhaps aided by the 
“stroke of the glottis,” probably gave mechanical stimuli to the heart, 
bringing it to the new rate. If the subject sat in a collapsed posture, in- 
stead of erect and poised, the pulse-rate was not controlled by attention 
to periodic stimuli. Since the pericardium is bound down to the 
diaphragm, each respiratory movement acts directly upon it. 

Besides the sudden dynamic changes in pressure upon the heart just 
mentioned, its rate is probably influenced by the mechanical effects of 
the footsteps and other intermittent movements; for it is found tha.t if 
all interruptions and jarring are avoided, as in using a bicycle ergometer 
where the rhythmic changes in exertion are very gradual, the movements 
fail to impart their rate to the heart. If by cutting out sudden periodic 
changes the effect ceases it is probable that they are necessary to the 
effect. 

I have several times pointed out that stiffness interferes with the 
response of the heart to rhythm ; this effect is probably likewise due to 
the stiffness preventing intcrmittence (in exertion and relaxation). 

The stiffness may be occasioned by self-consciousness, by emotion, or _ i , 

by the attachment to the body of delicate apparatus, the use of which 
requires immobility. The heart seems to take up a new rate best 
tho body and head are free to swing from side to side._Jbr 
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pace paying more attention to his footsteps but continuing to observe 
his pulse. When the steps were faster than the pulse it was found that 
the pulse rate increased, and at rates within the limits of 90 to 120 a 
minute the pulse rate became that of the steps. If the test is repeated 
with the spine held stifle and the attention concentrated instead of easy, 
the pulse and steps fail to coincide. 

(2) In the next test the subject’s pulse was taken and he was then 
asked to walk in an indifferent mood. He was not told the object of the 
test. The rate of his steps was taken. 14 out of 24 subjects stepped at 
the rate taken for their pulse. As with several of the tests, it is best 
not to make this test twice on the same subject; for if he suspects that 
the influence of his heart on his footsteps is being tested, self-conscious- 
ness may become a source of error. 

(3) The effect of attention to periodic sounds was also tried. The 
subject’s pulse rate was taken for 15 seconds. The subject sat erect and 
poised and a metronome was placed before him and set beating at a 
rate 15-30 faster, or 10-15 slower, than his pulse. He was asked to 
give his undivided attention to the sounds. After half a dozen beats, his 
pulse was again taken for 15 seconds. It was found in nine cases out of 
ten that the. pulse rate had become that of the metronome; thus in 
different observations the rate changed from 60 to 72, from 64 to 84, 
from 80 to 108, and from 56 to 48. The subject is not to be told that 
his pulse is expected to change its rate; and the clicking sound is not 
allowed beforehand lest his ears become tired. The attention lapsed or 
the mind wandered in some cases in less than half a minute. Those with 
power of sustained attention can keep the pulse in accord with the clicks 
for several minutes. With most subjects there was a perceptible swing 
of head to right and left. If tracings of the pulse changes are taken, the 
self conscious state induced becomes a source of error, especially if a 
sphygmograph is used with the uncomfortably high pressure necessary 
for air-transmission and the body held still to. prevent risk of spoiling 
the record. The pocket Dudgeon sphygmograph used at its lightest 
pressure does not seem to interfere with the response ; the records show 
the transition to a new rate to take place within 2 or 3 heart beats. 

(4) Subjects singing with others were asked to pause in the song 
and test the pulse. It was found as a rule to keep time with the music. 

(5) In a number of instances, while listening to a fluent or impressive 
speaker an auditor tested his own pulse and found a pulse-beat to fall 
with each accented syllable of the speaker’s words. 

(6) The rate of the heart may also be brought into time with move- 
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The problem lias been, not to study the well-known responsiveness 
of the heart to almost all stimuli, but to find under what conditions, if 
any, the heart will keep in time with perfectly periodic stimuli. 

Summary. 

1. Accord of rates is usual between heart, footsteps and breathing. 

2. The heart will take up the rate of periodic movements or sensory 
stimuli within limits (about 15 p.e. belou or 30 p.c. above its rate) if 
the body is free of stiffness, in erect, easy poise, and the attention steady 
but flexible. 

3. The readjustment begins at once and is completed in about three 
heart beats. 

4. Emotion, strong exertion, or unusual metabolic demands may 
prevent the accord of rates. 

I am greatly indebted to Professor Langley for assistance in this 
work. 
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reasons the pendulum effect of a right and left swing is more regular 
than the effect of a swing back and forth. 

The experiments seem to show that voluntary attention involves 
muscular activity. Yet it appears that mere voluntary attention alone, 
which does not also include intermittent, periodic action of the respiratory 
muscles, will not bring the heart to the rate of the stimulus. However, 
the stimulus may disturb the heart and change its rate, for doubtless, 
in all voluntary attention, impulses irradiate directly to the heart by 
waj^ of the vagus. Though there is doubtless associated activity of this 
mechanism, the response of the heart to external periodic stimuli 
appears to be not so much direct as mediated through the rhythmic 
action of the glottis, abdominal wall and swings of limb or trunk, though 
the last may be so slight as to pass unperceived. 

These bodily responses are prevented by rigidity; and this in turn 
has its source in strain from unsymmetrical posture, or in pain or dis- 
comfort or in the immobility," for instance, necessary during observations 
with delicate apparatus where any motion of the subject would spoil 
the record. Stiffness may also arise in the self-consciousness of tests 
made before spectators. Any emotional, asphyxial or apnceic con- 
dition which necessitates irregular breathing will obviously interfere 
with the regular action of glottis, body wall and the rhythmic swing. 

In man as in the lower animals, as has already been shown, irregular 
rhythm of body and probably also of heart forms a part of emotional 
reaction. This tends to prevent the taking up of regular rhythm; for 
I find that a heart that is already beating at a regular rate will fall in 
with periodic stimuli of a new rate when an irregularly beating heart 
remains unaffected. 

Metabolic demands upon the breathing cannot, of course, set the 
heart at a definite rate, but those demands must not place a hindrance 
in the way of the respiratory response to periodic stimuli. For instance 
in reducing the pulse rate by attention to the slow beats of a metronome 
the heart did not slow its rate unless the breathing was relaxed and the 
sounds counted in a drone or drawl in a half indifferent mood. Experi- 
mental evidence of this is found if the test of the heart for periodic 
response is combined with the writer’s test (this Journal, 53, p. 361) 
for ventilation of the blood : it will be found that the heart takes new 
rhy thirds best when ventilation is balanced, this being known by the 
succession of paired and unpaired images. (For this test the subject 
must be normal, not one who gets a fixed image, nor one — usually over 
60 years old — who, because of conjugate deviations, gets no image.) 
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Bernstein has confused the total energy set free in a chemical reaction 
with the reaction velocity. The temperature coefficient of the velocity of 
a chemical reaction is always positive, but the total energy set free in the 
reaction is independent of its velocity. The temperature coefficient of the 
former depends upon the nature of the reaction. In the contractile 
process of the muscle it is impossible to determine it, for the nature of the 
reaction is quite unknown. The only evidence in support of his assump- 
tion is given by the experiment of Pick (3), who stated that the heat 
production on muscular contraction is larger at a higher temperature 
than at a lower. According to A. V. Hill(4), however, Pick’s experi- 
ments on heat production of muscle cannot be accepted without further 
test. So long as the temperature coefficient of the total energy set free 
remains unknown, that of the conversion of the total energy into 
mechanical work cannot be decided to be negative, as Bernstein ven- 
tured to affirm, but is left quite undetermined. No matter what .the 
temperature coefficient of the total energy change may be, the tempera- 
ture coefficient of the mechanical performance observed in the experiment 
is that of free energy developed. 

It has been pointed out by Hill that the power of a muscle to do work 
in contraction can be estimated by the tension developed in the muscle 
when it contracts isometrically. The work done by a muscle on its 
isotonic contraction is also a function of its power of doing work, but is 
complicated by other factors, such as the weight of load and the change 
of length during tho process of contraction, so that the power of doing 
work by the muscle cannot be estimated by this method. 

The figures of Bernstein’s experiments show that the tension 
developed in the isometric contraction caused by a break induction shock 
(which is probably the maximal stimulus) has in most cases a negative 
temperature coefficient. 

On the other hand the tension developed in a muscle on its isometric 
contraction varies according to its initial length, other conditions being 
equal. The experiments of Blix(5) and of Evans and Ifi 11(C) show 
that the tension developed increases with increasing length of muscle up 
to a certain optimal length. Beyond this limit the tension developed 
decreases with increasing length of the muscle. It was proved by 
Patterson, Piper and Starlingt") and Kozawa(8) that the same 
law applies to the mechanical performance of the heart. Hence the initial 
length of the muscle may affect the temperature coefficient of the 
tension developed. 

Thus the influence of the temperature on the mechanical performance 
vn. ltv. 15 



STUDIES ON MUSCULAR CONTRACTION. 1/ The influ- 
ence of temperature on the mechanical performance of skeletal 
and heart muscle. By YASUKAZU DOI, M.D. (Japan). 

( From the Institute of Physiology, University College , London.) 

It is well known that the duration of a muscular contraction is shorter at 
a higher temperature than at a lower. The influence of temperature on 
the mechanical performance of a muscle when-it contracts has, however, 
still remained obscure. Gad and Hymans(i) studied this problem and 
found that between 0° C. and 19° C. the tension developed in a frog’s 
muscle during its isometric contraction, or the work done on its isotonic 
contraction, is larger at a lower temperature than at a higher. 
Bernstein(2) got the result that the temperature coefficient of mechanical 
performance of the muscle is sometimes positive and sometimes negative, 
i.e. the tension developed, or work done, by a muscle is sometimes larger 
and sometimes smaller at a higher temperature than at a lower. He 
explained the result as follows: When a muscle is excited by a stimulus 
the muscle substance undergoes a chemical reaction, liberating an amount 
of chemical energy from its store (total energy in terms of thermody- 
namics). This chemical reaction being an exothermic one, a portion of the 
total energy set free may be converted into mechanical work (free energy 
in terms of thermodynamics) when the muscle is under a suitable 
condition, while the rest of the total energy is liberated in the form of 
heat. Assuming that the temperature coefficient of the total energy 
change in the contractile process is positive, viz. the higher the tempera- 
ture, the more total energy is set free on contraction, it is concluded from 
the results above mentioned, that the process of conversion of the total 
energy into mechanical work has a negative temperature coefficient. The 
temperature coefficient observed in an experiment is the sum of these two 
temperature coefficients of opposite signs. Either of them may overcome 
the other, and the observed temperature coefficient will have the sign-of 
the more powerful one. 

It is not correct, however, to assume that the temperature co- 
efficient of the total energy change is positive. It seems that 
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colder solution into the vessel and draining out the excess of solution by 
means of a siphon. 

In my experiments, the tensions developed are recorded at (I, and 
15° C. respectively. These two degrees arc chosen, since both are within 
the physiological range of temperature for the frog. The tension developed 
is estimated first at one degree, next at the other, and then again at the 
first degree and it is shown that the tensions are the same at the find and 
the third estimations, so that fatigue and exhaustion do not affect the 
result. The tensions developed at the two degrees of temperature are 
measured, first at the assumed unloaded length of the mu/ole, and then 
at different lengths produced by extension. 

The methods and procedure of the experiments made on the heart of 
the frog are in principle similar to tho=e on the skeletal morel". In thin 
case, however, the intra-ventrieular pressure, measured r.ometrkv'dly, of 
the heart contracting spontaneously, is recorded on a dram by mesne of 
a Hurthle's manometer, instead of recording the tension developed in the 
fibres themselves, and the filling of the hear. raker; at a variable fa/lor 
in place of the length of the muse'e fcp. Patterson, Piper and 
5tarling(T)). The arrangement oi the experiment it rir.ejfar to that 
described by Kozawa: and the detail? reed rot he repeated. Tic 
desired temperature (5 = C. or 15 s C.) it applet by /rear* of Itirgerie 
solution, in which the isolated heart is inert ers-.c. Tie Pirger'r roivt.'o,’, 
which Bows into the heart is also kept at the time tare pr.ratr.re, brpt> 
through a silver spiral tube which is tf. ir the sol trier f.'.'.r.c <rrhty ti e 
heart. The temperature of the srirrion rrrrvrn'trnr the heart a.eri the 
spiral tube is adjusted in the same way ae tr me *rperrr*.-e:vt or.- the 
skeletal muscle. 

The pressure is recorded first at 5' Carter at . . ' C~snri a ns v. t.t .' ' h , 
and those experiments in which the irnrenaecr nsr gr e tv tv. v car. 
he teen are rejected. This precaution it peraecjiry nete.-_ta.pr tv" ta-'o 
of the heart, fer it often bar-pens that the ptret-nre t : rt t s r v r 
repeated contractions, esneeiaHv men tne r-ssrr cr tlat"t to a. oft" 
siderable exterd. 


JheraPr cod dtKStisJ*- 

ku discussing the results of the enpermenrs. r m- ' v ttn.' .tv- 
the tension developed on contrattstn- tn toe -- y ’ '. v 
total tersioE which; th" contracted mnsrif de-m.tpet act * he 
tension to whi't ; . „ . — ^ I* ttt not - . 

tension' dr-’ - *- 


Sloped. j-r tie 


r-r— - 5,^1 
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of the muscle must be studied taking the length of the muscle as a 
variable factor. At the suggestion of Prof. Starling the experiments, of 
which the results are described below, were undertaken on the skeletal 
and heart muscle of the frog in order to obtain some direct information 
on this point. 

Methods. The muscle employed is the gastrocnemius of Rana escu- 
lentn. The proximal end of the excised muscle is attached by a hook to 
the tension lever designed by Blix(fl), which records the initial tension of 
the muscle at rest and the total tension sustained by it on contraction. 
The muscle is suspended in a glass vessel of about 30 c.c. containing 
Ringer’s solution. To the tendo Achillis of the muscle is hooked a steel 
needle, which passes through a hole in the bottom of the vessel which is 
plugged with vaseline. The other end of the needle can be held tight and 
lowered at will by means of an adjusting screw. The needle has,. a hori- 
zontal branch outside the vessel which records the length of the muscle, 
sc that the tension developed and the initial length can be recorded at 
the same time on a stationary drum. The needle passes through a tube 
fixed vertically, of about 5 cm., the calibre of which just fits the needle. 
Thus the needle is compelled to move strictly vertically, and no error can 
affect the record of the length of the muscle. The needle with its horizontal 
branch weighs about 2 grams. The actual load on the muscle, however, is 
not the whole weight of the needle, when it is not drawn downwards, but 
only a small portion of its weight, the greater part being supported by the 
vaseline plugging the hole through which the needle passes. The length 
of the muscle thus loaded with a minimal weight is taken arbitrarily as 
its unloaded length, as it is a matter of considerable difficulty to record 
the length of a perfectly unloaded muscle. The spring of the tension 
lever is a strong one, so that the displacement of the lever at the point 
of attachment of the muscle is negligible compared with the length of the 
muscle. 

As stimuli, maximal opening shocks are employed, applied between 
the two metal hooks described above, which attach the muscle to the 
tension lever and the adjusting screw respectively. The leakage of the 
stimulating current into the solution immersing the muscle is prevented 
as far as possible by coating with vaseline the hook attached to the 
muscle, which comes in contact with the solution. Care is taken on each 
record to test that the tension developed remains the same when a 
stronger stimulus is applied, so that the contraction is really a maximal 
one. The temperature of the Ringer’s solution can be changed gradually 
and kept constant at any desired degree by pouring slightly warmer or 
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length of the muscle is shorter and the tension developed 
at this length is higher, at a lower temperature than at a 
higher. In the example given, the optimal length is about 26 mm. with 
a tension of 185 grams at 5° C., while at 15° C. it is 27 mm. with a tension 
of 150 grams. The increase of the tension developed with increasing 
length up to its optimum is more rapid, and the decrease of the tension, 
when the muscle is stretched beyond the optimum limit, is also more 
rapid, at the lower temperature than at the higher, so that the de- 
scending branch of the tension curve of the lower temperature cuts that of 
the higher. In other words, the tension developed is higher at the lower 
temperature than at the higher, i.c. the temperature coefficient is negative, 
when the length of the muscle does not exceed its optimum. Beyond this 
optimal length the difference of the two tensions decreases with increasing 
length of the muscle, until at last the tension at the lower temperature 
becomes lower than that at the higher, so that the temperature coefficient 
is positive. This can be explained by the fact that the optimal length is 
shorter at the lower temperature than at the higher. When muscle is 
stretched beyond its optimal length it is no more under the physiological 
condition, but is in an abnormal state, so that the muscle substance no 
longer exerts its utmost performance — in other words the functional 
capacity of the active surface of the muscle fibre is suffering from some 
injury caused by extreme extension. The intensity of this injury is as a 
matter of fact larger with increasing deviation of the length of the muscle 
fibre from the optimum. When a muscle fibre is stretched to a certain 
abnormal length, the deviation of its length from the optimum is greater, 
and accordingly the injurious action is larger at the lower temperature 
than at the higher, for the optimal length is shorter in the former case 
than in the latter. Hence the mechanical performance of a muscle under 
extreme extension at the higher temperature may exceed that at the 
lower. 

On the heart similar results were obtained in all 11 experiments made. 
Table II with corresponding Fig. 2 is a typical example of them, in which 
the abscissro represent the filling of the heart, the ordinates, the intra- 
ventricular pressure. This example shows that the relation between the 
two pressure curves at a higher and a lower temperature respectively is 
just the same as in the case of the skeletal muscle, i.e. the heart muscle is 
subjected to the same law as that which governs the skeletal muscle as to 
the influence of temperature on its power of mechanical performance. 
In the heart the difference of the optimal fillings at each temperature is 
especially remarkable. In the example given the optimal filling at 5° ' 
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one which corresponds to the energy output of the muscle on con- 
traction. 

On the skeletal muscle four experiments were made which gave 
similar results. A typical one is given in Table I with corresponding 
Fig. 1, in which the abscissae represent the length of the muscle and the 


Table I. 


Length of muscle 


Initial tension 


Total tension 
sustained on 
contraction 


Absolute tension 
developed on 
contraction 


mm. 

grams 

6° c. ii°c. 

23-7 

0 

0 

24-8 

5 

5 

25-8 

20 

20 

26-9 

40 

40 

27-8 

80 

80 

28-7 

120 

120 

29-8 

170 

170 

31-2 

220 

220 


grama grams 


6° C. 

J5° C. 

5° C. 

15° C. 

125 

80 

125 

80 

175 

125 

170 

120 

205 

150 

185 

130 

215 

190 

175 

150 

225 

215 

145 

135 

225 

225 

105 

105 

230 

240 

00 

70 

240 

200 

20 

40 



23 24 26 26 27 28 29 30 3 / 32 ®/*!. 

of 5 °C; at I5°C. 

Fig. 1. Showing relation between tension developed on contraction and length of 
muscle at different temperatures. 


ordinates, the tension developed.'The general type of the relation between 
the tension developed and the length of the muscle is the same as seen in 
the experiments of Blix, and of Evans and Hill. The tension developed 
increases with increasing length of the muscle up to a certain optimal 
length. When the muscle is stretched beyond this optimum limit, the 
tension developed decreases with increasing length. The optimal 
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Summary. 

The statement is confirmed that the mechanical performance of 
muscle increases with increased length up to a certain optimal length and 
decreases when the length exceeds tliis. 

So long as the muscle is under physiological conditions with respect 
to its length, viz. if it is within the limit of the optimum, the power of 
mechanical performance is larger at a lower temperature than at a higher, 
so that the temperature coefficient of mechanical response is negative. 

This optimal length of the muscle is shorter at a lower temperature 
than at a higher. 

Under extreme conditions of overstretching the mechanical per- 
formance of the muscle at a lower temperature may be smaller than that 
at a higher. This can be explained by the change of the. optimal length 
with respect to the temperature. 

The above statements are found to apply to skeletal muscle as well as 
heart muscle. 

In conclusion I wish to express my thanks to Prof. Starling for his 
suggestions and advice during, the course of this work. 

Addendum. 

Mr A. V. Hill suggested to me to repeat the experiment (1) with a 
tension lever much stronger than that of Blix, in order to record the 
tension set up by a muscle kept as completely isometric as possible, and (2) 
on sartorius muscle, for it has a uniform cross-section and straight fibres. 
The experiments were made in the Cambridge Physiological Laboratory 
and Mr Hill kindly allowed me to use the optical tension lever de- 
scribed by him in his recent paper(i(>). I am also indebted to him and to 
Mr Hartree for valuable advice in performing the experiments. 

Hill’s optical tension lever has a very strong spring, so that, when its 
points for attaching the muscle is loaded with 100 grams weight, this 
point shows a displacement of only -03 nun., while giving a record of 
30 mm. at a distance of about three metres. Its period of vibration is of 
the order of 1 O' 3 sec. I performed four experiments on the double 
sartorius preparation with this lever, the other arrangements being the 
same ns before, and obtained results in complete agreement with those 
previously found. One of them is given here ns au example. Ill this 
experiment, the length of the resting muscle is 20 mm., and that of the 
freely contracted muscle without load is 17 mm. The extension of the 
muscle is measured starting from the latter length, so that the tension is 
zero at zero extension. ... 
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is -03 c.c., while it is -06 c.e. at 15° C. It is seen in this example that a 
slight pressure is set up on contraction even when the filling is zero. 
Theoretically this ought not to be the case. The reason is that the heart 
at its supposed zero filling still contains a minimal amount of solution. 
It is difficult to connect the perfectly empty heart with a Hurthle’s 
manometer. 


Table II. 


Filling 

Initial tension 

Total tension sustained 
on contraction 

Absolute tension developed 
on contraction 

c.c. 

mm. 

Hg. 

mm. 

Hg- 

mm. 

Hg. 


5° C. 

15° C. 

5° 0. 

15° c. 

5° C. 

15° C. 

0 

0 

0 

3-8 

3-2 

3-8 

3-2 

•01 

•4 

•4 

34-3 

17-1 

33-9 

16-7 

•02 

•5 

•5 

43-4 

27-9 

42-9 

27-4 

•03 

1-2 

1-0 

50-0 

30-7 

48-8 

29-7 

•04 

1-2 

1-2 

47-6 

39-1 

46-4 

37-9 

•05 

2-0 

1-3 

46-8 

400 

44-8 

38-7 

•06 

2-0 

2-0 

43-7 

43-3 

41-7 

41-3 

•07 

3-1 

30 

40-7 

41-7 

38-5 

38-7 

•08 

6-2 

5-7 

40-0 

41-7 

33-8 

360 


mmHj. 



at 5°C; atl5°C. 


Pig. 2. Showing relation between tension developed and filling in a heart 
contracting isometrieally at different temperatures. 



ON THE EXISTENCE OF ANTIDROMIC FIBRES IN 
THE FROG AND THEIR INFLUENCE ON THE 

-CAPILLARIES. By YASUKAZU DOI, M.D. (Japan). 

( From the Institute of Physiology, University College, London.) 

Antidromic fibres in the frog. 

The existence of vasodilator fibres in the posterior roots of the spinal 
norves of mammals has already been conclusively shown by 
Bayliss(i,2), Oiauma(3), however, as a result of experiments, in which 
he stimulated the roots electrically, denied their existence in the posterior 
roots of the frog, though he found vasodilatation in the frog when the 
sciatic was stimulated some days after section of the nerve — an effect 
which in the mammal is attributed by Bayliss to antidromic action. 
It appears unlikely that the frog has no antidromic fibres in the posterior 
roots, -when we reflect upon the fact that the distribution of vasocon- 
strictor fibres in the frog — according to Langley(4) — is similar to that in 
mammals. And in view of this the problem has been subjected to a re- 
examination 1 . 

Methods. I have adopted two methods. The first consists in measuring 
the diameter of blood vessels in the web of an amesthetised or de- 
cerebrated and curarised frog under a microscope, with the aid of an 
ocular micrometer. The magnification employed was such, that one 
division of the ocular corresponded to iy.. 

The second method was plethysmography of the hind leg of a 
decerebrated and curarised frog. A glass plcthysmograph was used (Fig. 1), 
the junction with the leg being made tight by means of vaseline. The 
plcthysmograph was filled up with water and connected with a capillary 
tube by means of rubber tubing. The change in the height of the water 
surface in the capillary tube was read. A change of 1 mm. corresponded 
to 0-88 c.mm. When a frog’s leg is correctly and securely fitted in,the 

1 While this paper was in print my attention was called to a paper 
(Ztschr.f Biol. 62, p. 243- 1913) in which he describes vasodila* ‘ fV on 
posterior roots of tho frog, using Trendelenburg’s method. 
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Extension 
of muscle 
m 


5-0 

100 

12-0 

140 

15-5 

17- 0 

18- 5 
200 
22-0 


Initial tension 
grams 

A 

Table III. 

Total tension 
sustained on contraction 
grams 

Absolute tension 
developed on contraction 
grams 







5° C. 

15° C. 

5° C. 

15° C. 

5° C. 

15° C. 

0 

0 

5 

3 

5 

3 

1 

1 

23 

12 

22 

11 

3 

3 

27 

17 

24 

14 

5 

5 

32 

22 

27 

17 

10 

10 

36 

30 

26 

20 

15 

15 

35 

35 

20 

20 

32 

32 

45 

45 

13 

13 

57 

57 

64 

65 

7 

8 

77 

77 

SO 

82 

3 

5 



0 2-4 6 8 10 12 14 16 18 20 22/nm. 

at5°Cs at15°C. 

Fig. 3. Showing relation between tension developed on contraction and 
extension of muscle at different temperatures. 
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Table I, Change in volume of a leg caused by cutting and stimulating the roots (Fig. 2). 
Frog 37 grams. Room temperature 14° C. 


Root 

Time 

Change in 

Root 

Time 

Change in 

cut 

(minutes) 

vol. (cm) 

stimulated 

(minutes) 

vol, (c.mm.) 


0 

0 

post. Oth 

63 

0 

post. 9 th 

3 

0 

64 

-r-G-2 

4 

+ 6-2 


GG 

+ G-2 


G 

+6-2 


78 

0 


15 

0 

post. 8th 

81 

0 

post, 8th 

20 

0 

82 

+3-5 

21 

+3-5 


84 

+35 


22 

+ 3-5 


94 

0 


30 

-2-0 

post. 7th 

97 

0 

post. 7th 

33 

-2*6 

99 

0 

34 

-2-6 


105 

0 


39 

-20 





anterior roots (Oth, 7th, 8th, 9th and 10th) cut 

40 -4*4 

41 -4-4 

00 0 

In this and the following tables the change from zero is given, thus 
in the foregoing table the volume of the limb was the same at the 
5th minute as at the 4th. 



The increase in volume caused by stimulating the Oth posterior root, 
in the majority of cases, slightly exceeds that caused by the 8th root, 
which is usually thinner than the former. A slight increase in volume is 
sometimes given by stimulation of the 7th root, sometimes, however, no 
effect is observed. It depends on how much the thigh is put in the 
plethvsmograph. During the increase in volume of a leg caused by 
stimulating posterior roots, no change of blood-pressure occurs, so that 
this increase in volume is not due to any change in the blood-pressure. 
The increase in volume is due mainly to dilatation of the skin vessels, ns 
was shown by B a y 1 i s a in the case of mammals. If, after recording the 
increase in volume of the leg, caused by stimulating the posterior root, 
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plethysmograpk the water surface in the capillary shows pulsation 
corresponding to each heart beat. 

As stimuli for the posterior roots pinching with a forceps was 
employed instead of electrical stimuli, in view of the fact that mechanical 
stimulation has been found to be more effective on antidromic fibres, 
than electrical stimulation. In all cases the stimulus was a single 
pinch of the nerve. Mechanical stimulation has also the advantage 
that there is no question of escape of current to the anterior roots. Ten 
experiments were made with similar results. Excitation of the peripheral 
end of the 8th and 9th divided posterior roots, and sometimes of the 7th 
root also 1 , caused an increase in the volume of the hind leg of the cor- 
responding side. This increase in volume does not begin until about 10-20 



seconds after the stimulus is applied, and its ma_ximal point is reached 
1-2-5 minutes after its commencement, then after remaining from one to 
three minutes at its maximum, the volume begins to decrease to the 
initial value which is reached after a period of 10 to 25 minutes. In order 
to obtain this result it is necessary to wait, 20 to 30 minutes after the 
root is cut, before applying a stimulus, since cutting the rdot itself acts 
as a stimulus, and causes a volume change like that stated above. 

These results are illustrated by the example given in Table I and Fig. 2, 
which shows, too, that cutting the anterior roots causes a diminution m 
volume in a similar period of time as the dilatation caused by the posterior 
roots. This diminution is undoubtedly due to the stimulation of vaso- 
constrictor fibres contained in the anterior roots. 

1 According to some anatomists the ten roots of the spinal nerves of frogs ore counted 
two to eleven, the degenerated root being counted as one (see Ecker-Goupp). Neverthe- 
less, here we shall adopt the physiologists’ notation by counting one to ten. 
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that the same precaution of waiting 20 to 30 minutes after cutting the 
root, before applying a stimulus, is necessary. 


Table in. Dilatation of vesseD caused by stimulating the posterior roots. 
Frog 30 grama. Room temperature 15‘2° C. 

2nd web 3rd web 


Diameter 

Dia- 

Change In 

Diameter Dla- 

Change In 

(micrometer 

meter 

diameter 

(mlcrometer meter 

diameter 

division) 

(M> 

(m) 

division) (#i) 

<M> 


capillary 



capillary 


normal 

3-3 

13-2 


normal 

2-7 10*8 


post 8th stimuL 

3-9 

15-G 

+2-4 

post. 8th stimul. 

■2-7 10-8 

0 

post. 0th stimul. 

3-3 

13-2 

0 

post. 9th stimul. 

3-2 12-8 

4-2-0 


arteriole 



capillary 


normal 

7-1 

28-4 


normal 

31 12-4 


post. 8th stirauL 

8-0 

320 

+ 3-6 

post. 8th Btimul. 

3-4 13-6 

+ 1-2 

post. 9th stimul. 

71 

28-4 

0 

post. 9 th stimul. 

31 12-4 

0 


venule 



arteriole 


normal 

4-7 

18-8 


normal 

G-3 25-2 


post. 8th stimul. 

4-9 

100 

+ •8 

post 8th stimul. 

G-7 20-8 

+ 1-6 

post. 9th stimul. 

4-7 

18-8 

0 

post. 9 th stimul. 

G-3 25-2 

0 






venule 






normal 

9-0 3G-0 






post 8th stimul. 

91 3G-4 

+ -4 





post 9th stimul. 

90 3G-0 

0 


The influence of antidromic action on the capillaries. 

In the preceding section it has been shown that both arterioles and 
capillaries dilate simultaneously on stimulating the posterior roots. 
There can be scarcely any doubt that the arterioles are subjected to the 
control of antidromic fibres. In regard to capillaries, however, it can not 
yet be concluded from the results obtained above, that they are dilated 
by the direct action of vasodilator fibres. When arterioles are dilated, the 
pressure is raised in the capillaries, which may cause them to dilate, so 
that this dilatation may be only a secondary effect following the dilatation 
of tho arterioles. Krogh(S) observed a dilatation of the capillaries in tho 
tongue of a frog, on the application of a mechanical stimulus to the 
surface, and ascribed it to the action of a local axon reflex conveyed along 
sensory fibres. So far as I know, however, no definite evidence has yet 
been furnished of tho direct action of antidromic fibres upon capillaries. 
This action I have investigated making use of the effect which Dale and 
Richards(O) have shown to be produced by histamine and acetyl- 
choline. 

Histamine. Dale and Richards showed that in the dog and cat 
luEtamino causes capillary dilatation, W'hile it causes the arterioles to 
contract slightly, and in addition that it has a direct action upon-thc_ 
endothelial cells 0 f tho capillary, and not on its nervous . ...... 
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the same leg is skinned, and the hared leg is again fixed in the plethysmo- 
graph, then, the root being stimulated, the increase in volume is found to 
be very minute. This is shown in Table II and Pig. 3. 

Table II. Change in volume of a leg caused by stimulating the posterior roots before and 
after the skin is stripped off (Fig. 3). Frog 42 grams. Room temperature 15° C. 


Anterior roots 6th-10th and posterior roots 7th-I0th were cut previously. 


Root 

Time 

Increase in 

Root 

Time 

Increase in 

stimulated 

(minutes) 

vol. (c.mm.) 

stimulated 

(minutes) vol. (c.mm.) 


0 

0 

The leg is skinned. 

post. 9th 

3 

0 


0 

0 


4 

6-2 

post. 9th 

3 

0 


6 

6-2 

4 

0-9 


17 

0 


5 

0-9 

post. 8th 

20 

0 


10 

0 

21 

4-4 

post. 8th 

15 

0 


23 

4-4 

16 

0-5 


33 

0 


17 

0-5 

post. 7th 

35 

0 


20 

0 

36 

09 

post. 7th 

25 

0 


37 

0-9 

26 

0 


43 

0 


30 

0 


t* 

A 

-■ — > we ( fTHnufc") 

Fig. 3. 

Similar conclusions to those arrived at above are obtained by the 
other method, namely by microscopic observation. A remarkable 
dilatation is shown by the vessels of the web of the leg on stimulating 
the corresponding posterior roots. It is not only the arterioles, which 
show dilatation, but also the capillaries and even the venules dilate 
remarkably. Dilatation of the small vessels is accompanied by a marked 
increase in the amount of blood contained in them, a greater or less 
retardation of the blood flow through them, and sometimes a marked 
pulsation, especially in the cajnllaries. Table III is an example of this 
kind of experiment; ten other observations gave like results. 

The duration of the dilatation, after stimulation of the root, is quite 
similar to that described above in the case of the plethysmograph, so 
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Table IV. 

Change in volume of a leg and in blood -pressure caused by 
histamine injection (Fig. 4). 

Frog 3S grams. Room temperature 14-8 3 C. 

Change in 

Time 

Increase in volume 

Btood-pressuro 

blood-pressure 

(minutes) 

(cram.) 

(cm. Hg.) 

(cm. Hg.) 

0 - 

0 

3*8 

0 

3* 

0 

38 

0 

4 

4.4 

3*3 

-•5 

5 

6*2 

3*3 

— •3 

0 

70 

3*3 

-■5 

10 

7-0 

3*4 

-■4 

12 

5-3 

3 4 

-•4 

15 

4*4 

35 

-•3 

21 

20 

35 

-•3 

25 

1*8 

3G5 

— *15 

30 

•9 

3*7 

-•1 

33 

0 

3*8 

0 

•10 

0 

3*8 

0 


* Histamine inject ton. 



Table V. Dilatation of vessels caused by histamine injection and stimulation of the 
posterior roots. Erog 34 grams. Room temperature 14*7° C, Tlio anterior and 
posterior roots cut previously. 



Diameter 

(micrometer 

Diameter 


division) 

(m) 

normal 

20 

capillary 

10-4 

histamine injection 

20 

11-0 

posterior roots stimul. 

30 

12 0 

normal 

5*7 

arteriole 

22*8 

histamine injection 

5*5 

22 0 

posterior roots stimul. 

C-3 

25*2 

normal 

4-0 

venule 

18*4 

histamine injection 

4 0 

18-1 

posterior roots stimul. 

4*7 

18-8 


Change in diameter 
(/*> 

) + 1*2 

> + - 4 


) - -8 

> +3-2 

> 

> ( 
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studying the action of histamine on the blood vessels of the frog, I 
prepared solutions of various strengths of histamine from commercial 
tabloids of ergamine acid phosphate, of which 3mgms. are equal to Imgm. 
histamine. *05 c.c. solution was injected into the abdominal vein, an 
injection of the same quantity of saline solution having previously been 
proved to have no influence on either the blood-pressure or the volume 
of the leg. It was first ascertained, that the injection of -0001 mgm. 
histamine into a frog of about 40 grams, caused an increase in volume 
of the leg, accompanied by a slight fall in the blood-pressure almost 
synchronous with the increase in volume, while -001 mgm. histamine 
caused a more definite increase in volume together with a rise of blood- 
pressure. The former dose was therefore adopted throughout’ the 
experiments. Table IV and Fig. 4 is the protocol of one of these 
experiments. 

Under the microscope it is seen that injection of histamine induces a 
marked dilatation of capillaries, although arterioles and venules remain 
unaffected or the arterioles are even to a slight extent contracted. The 
capillary dilatation begins about 10 to 30 seconds after the injection, 
increases for two to three minutes, when it arrives at its maximal dilata- 
tion, in which state it remains from two to four minutes, and then from 
this point begins to reproduce the initial state, which is only attained 
after a lapse of 10 to 25 minutes. It may be mentioned that during the 
first few seconds a state of anaemia is often seen which however soon 
disappears. 

With the aid of this action of histamine the direct vasodilator action 
of the antidromic fibres on the arterioles can be proved. While histamine 
is exerting its dilator action on the capillaries, a stimulus is applied to a 
posterior root, which has already been isolated from the cord some time 
previously. A marked dilatation of the arterioles and a more or less 
increased dilatation of capillaries and venules results and can be seen 
under the microscope. Table V, one of these experiments, indicates these 
results. 

Instead of examining the web, volume .changes of the hind limb can 
be studied under similar conditions. The combined magnitude of the 
increase in volume, caused by the injection of histamine and stimulation 
of the 8th and 9th posterior roots, is nearly the same as that caused bythe 
simple stimulation of the roots, before injection of histamine, so that 
the degree of dilatation of vessels attained by both experiments is 
practically the same. Table VI and Fig. 5 is an instance of this kind 
of experiment. 
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and not nervous. The same action I found to be produced in the frog. The 
procedure of the injection was similar to that described above in the case 
of histamine. An injection of -0000025 mgms. acetyl-choline in a frog 
weighing about 40 grams causes an increase in volume of the hind leg, 
accompanied by a fall in the blood-pressure, almost parallel to the change 
in volume. A slight and temporary decrease in volume is often seen 


Table VII, Change in volume of a leg and in blood-preesure caused by acetyl-choline 
injection (Fig. 0). Frog 31 grams. Room temperature 14-7° C. 


Timo 

Increase in vol. 

Blood -pressure 

Change in bl.-j 

(minutes) 

(c.mm.) 

(cm. Hg.) 

(cm. Hg.) 

0 

0 

2-8 

0 

3* 

0 

2-8 

0 

4 

1*8 

2-85 

+ 05 

6 

3-5 

2-5 

-•3 

8 ‘ 

3-5 

2-6 

-•3 

12 

3-5 

2-55 

-•25 

19 

2-6 

2-6 

-•2 

22 

1*8 

2-7 

-•1 

26 

•9 

2-8 

0 

31 

0 

2-8 

0 

39 

0 

2-8 

0 


* Acetyl-choline injection. 


3 







. — #«. — — — — • 


+ . 

I 'BloodplpJJuAe. 

dceJy/-crf<)6'ite ityeo/Son. 

» — . "Volume cf Sey. 


Ao 


30 30 

//>ne ( TllinuAe) 
Fig. 0. 




preceding the increase. This is shown in Table VII and Kg. G, which is 
ono of five experiments made. 

Microscopic observations indicate that, in the first few seconds 
following the injection, a strong constriction of vessels occurs in certain 
districts of the web (not all over the web), which however soon dis- 
appears, in the same manner as mentioned by Hunt, and Hale and 
Richards in mammals; then, tho arterioles show a marked dilaww' 
nt. LTV. 
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In this example, it can be seen that the increase in volume caused by 
histamine, which is due solely to dilatation of capillaries, is 5-3 cm, while 
the further increase caused by the stimulation of posterior roots (in which 
increase is included that due to the dilatation of capillaries and venules) 
is only 1*7 c.mm. Three other experiments give respectively 7-0 c.mm., 
4*4 c.mm., and 5'3 c.mm. for the former increase, and 2*7 c.mm., 


Table VI. Change in volume of a leg caused bv histamine injection and stimulation o! the 
posterior roots (Fig. 5). Frog 36 grams. Room temperature 14-5° C. 


Time 

Increase in 

Time 

Increase in 

(minutes) 

vol. (c.mm.) 

(minutes) 

vol. (c.mm.) 

0 

0 post. 8th and 9th stim. 50 

0 

histamine injection 3 

0 

52 

6-2 

4 

2-6 

55 

6-2 

6 

4-4 

59 

4-4 

6 

5-3 

68 

3-5 

post. 8th and 9th stim. 8 

5-3 

74 

2-6 

10 

7-0 

. 79 

1-8 

12 

7-0 

84 

•9 

13 

6-2 

90 

0 

16 

4-4 

95 

0 

21 

2-7 



28 

1-8 



40 

•9 



46 

0 





2'2c.mm., and T7 c.mm. for the latter. If we may be permitted to 
deduce a quantitative conclusion from these four experiments, it may he 
said that, more than two-thirds of the aggregate volume increase results 
from the dilatation of capillaries. 

Acetyl-choline. Hunt(7, 8), and Dale and Richards proved inde- 
pendently, that the injection of a minute amount of acetyl-choline causes 
in various mammals a dilatation of blood vessels, accompanied by a fall 
in blood-pressure. They concluded that this action of the drug is peripheral, 
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Table IX. Chnngo in volume of a leg caused by acetj 1-cboline injection and stimulation 
of the posterior roots (Tig. 7) Frog 37 grams. Koom temperature 14” C. 


Time 

Increase in 

Time 

Increase in 

(minutes) 

rol. (c.mm.) 

(minutes) 

vol. (c.mm ) 

0 

0 post. 8th and 0th stun. 40 

0 

acctv I -choline injection 3 

4 

0 

1 8 

42 

45 

70 

70 

5 

26 

46 

62 

G 

35 

52 

4-4 

post. 8th and 9th stim. 8 

35 

58 

2 G 

10 

79 

G5 

1 8 

12 

70 

71 

•9 

13 

G 2 

78 

0 

14 

53 

S3 

0 

18 

35 



24 

1-8 



29 

9 



35 

0 





~Tinte(V1lnute ) 


Fig. 7. 

Conclusions. 

1. Antidromic fibres nrc shown to exist in the posterior roots of spinal 
nerves of tho frog. 

2. The increase in volume of the hind limb of n frog, caused by 
stimulating antidromic fibres, is mainly due to dilatation of skin vessels. 
The same conditions were found by Bayliss to exist in mammals. 

3. These antidromic fibres act directly upon both arterioles and 
capillaries, and cause dilatation of these vessels. 

4. In the frog, as in the cat and dog (as proved by Dale and 
Itichards), histamine dilates the capillaries, and acetyl-choline dilates 
tho arterioles both independently of nervous control. 

In conclusion 1 wish to express my thanks to Prof. Starling for 
his suggestion of this problem and his valuable advice d '"'’Ns^ho 
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accompanied in most cases by a slight dilatation of the capillaries, 
■while the venules remain unaffected. The duration of the dilatation of 
the arterioles is almost identical with that caused by histamine. 

With the aid of this action of acetyl-choline on the arterioles the 
direct dilator action of the antidromic fibres on the capillaries can be 
proved. After a maximal dilatation of arterioles has been attained by 
means of acetyl-choline, the' peripheral end of the dissected posterior 
roots are stimulated. This causes a remarkable dilatation of the capillaries 
and sometimes a slight dilatation of venules, while the arterioles remain 
in their dilated state unchanged. This is clearly seen in Table VIII, which 
is one of three experiments done. 

Table VIII. Dilatation of vessels caused by acetyl-choline injection and stimulation of the 
posterior roots. Frog 37 grams. Boom temperature 14-4° C. The anterior and posterior 


roots cut previously. 

Diameter 

(micrometer 

Diameter Change in diaznefer 


division) 

M 


normal 

2-6 

capillary 

10-4 ) 

10-8 ( 

12-4 / 

« a A 

acetyl-choline injection 

2-7 

-r "± 

-f 1-6 

post. 8th and 9th stim. 

3-1 

normal • 

6-5 

arteriole 

26-0 v 

28-4 ( 

28-4 ) 


acetyl-choline injection 

7-1 

■T ~ i 

0 

posterior 8th and 9th stim. 

7-1 

normal 

6-7 

venule 

26-8 ) 

26-8 ( 

. 27-2 < 

0 

! .A 

acetyl-choline injection 

0-7 

posterior 8th and 9th stim. 

6-8 

-r ‘t 


Four similar experiments were made using the plethysmographic 
method. An example of the result is given in Table IX and Fig. 7. In 
this experiment the increase in volume caused by the injection of acetyl- 
choline was 3*5 c.rnm. (Fig. 7) and the further increase caused by stimu- 
lation of the posterior roots was 4-4 c.mm. The former increase represents 
that caused by the dilatation of arterioles, accompanied by a slight 
dilatation of the capillaries. Hence the second increase is less than that 
caused by the dilatation of capillaries evoked by mere stimulation of the 
posterior roots, when the capillaries are quite unaffected by acetyl- 
choline. As concerns the venules, it cannot be decided whether their 
dilatation is a direct effect of the stimulation of the posterior roots, or 
only a secondary phenomenon resulting from the dilatation of' the 
arterioles and capillaries. 



ON THE PERMEABILITY OF EPITHELIAL LAYER 
OF THE BLADDER TO WATER AND 'SALT. By 
BINNOSUKE SHOJI (Japan). 

(From the Institute of Physiology, University College, London.) 

About the end of last century the absorption of various substances 
from the epithelium of the bladder was studied and discussed. Among 
many authors Morro and Gaebelein(i), and Gerota< 2 ) may be men- 
tioned. The bibliography before their dates is given in their papers. See 
also Hamburger's book(3). Substances, which were found to pass 
through the bladder epithelium, were all non-physiological or toxic for 
the living tissue, for examples, ferrocyanide, alcohol and alkaloids. 
And, as was pointed out by Cohnheim(4) and by Hamburger, 
physiological substances, such as sodium chloride and urea, were applied 
in an extraordinarily strong concentration. Thus the behaviour of the 
bladder epithelium under physiological conditions was still obscure. 
Since Cohnhcim(4) stated in 1901 that the bladder epithelium was not 
a diffusion membrane and was impermeable even to water, this problem 
has been left quite untouched. 

The experiments made by Cohnheim seemed to be insufficient to 
support his conclusion, and therefore the present experiments were 
undertaken at the suggestion of Professor B a y 1 i s s . The general principle 
of the experiments is that a saline solution of a certain concentration, 
which is not far from physiological, is kept in the bladder of a living 
animal, and the change in concentration of its watery and saline com- 
ponents during various periods of time is determined. 

Methods. A rabbit or cat is anesthetized with ether or ether and 
cldoralhydrate, and laparotonizcd. Both ureters are tied with double 
ligatures and cut. A T-cannula is inserted in the neck of the bladder 
and is tied avoiding blood vessels which run along the neck, in order to 
keep the circulation in the bladder undisturbed. One branch of the 
cannula is connected with'n burette containing a solution of sodium 
chloride by rubber tubing. The other branches also provided with rubber 
tubing, and serves to drain out tho bladder content. The bladder is 
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course of the work. I also take this opportunity of expressing my thanks 
to Prof. Langley for his valuable advice and kindness in permitting 
me to repeat some of these experiments in his laboratory. 
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1 c.c. of which corresponds to 2 mg. NaCl, and correspondingly dilute 
thiocyanate solution. The estimation is made with 0-5 or 1 e.c. solution, 
and the figure is given in mg. NaCl. The presence of hannoglobin and 
other protein from corpuscles in the solution, prepared as described 
above, docs not disturb the estimation of Cl-ion. This is proved by the 
following experiment. 

1 p.c. NaCl solution containing 5 volume p.c. of corpuscles was 
analysed: (a) 1 c.c. solution was diluted to 50 c.c., and its Cl-ion was 
estimated directly. 10-14 mg. NaCl was found, (b) 1 c.c. solution was 
diluted and its protein was precipitated by heating. Filtrate was made 
up to 50 c.c., and its Cl-ion was estimated. 10-23 mg. NaCl was found. 

Results. Experiments were made with saline solutions of various 
coneentrations_ between 0 and 4 p.c., and the following results were 
obtained: when 1 p.c. solution was used, no movement of water and 
salt was observed; with 0-5 p.c. solution, water was absorbed from the 
solution, but no movement of NaCl was seen during G hours; with 0-25 
p.c. and less concentrated solution, both decrease of water and increase 
of NaCl were found; with 2 p.c. and more concentrated solution, it was 
always seen that water was given to, and NaCl absorbed, from the 
solution. 

In some of the experiments, the freezing-point depression of the 
solution was determined at the beginning and end of the experiment, 
and it was found that the percentage increase or decrease of the freezing- 
point depression agreed with that of Cl-ion concentration. This means 
that, not only Cl-ion, but also Na-ion moves with the former. For, if 
Cl-ion alone move, some other anion ought to come to compensate it, ns 
cations and anions must be always balanced in a solution, and con- 
sequently its freezing-point depression ought to be inversely propor- 
tional to the dilution of the solution determined hy haemoglobin esti- 
mation, and ought not to be proportional to its Cl-ion concentration. 

The fact that the permeability of the bladder epithelium thus 
observed was not due to the action of amesthctics was proved ns 
follows. A cat was anesthetized with the least amount of ether and 
then decerebrated. The animal was kept under vigorous artificial 
respiration for half an hour in order to drive away any trace of ether 
from circulating blood, and then similar experiments to those mentioned 
were made and the same results were obtained. 

Twelve experiments were made, of which two are given in the 
following tables, and will be sufficient to represent the whole. The figures 
of Table II a are calculated from' the data of Table II, and show 
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washed many times with the solution to he tested, which is warmed to 
body temperature, and then a certain amount of the solution is left in 
the bladder, both tubes being clamped. At various periods of the 
experiment, a sample for analysis is taken out by means of an injection 
syringe, the needle of which is passed through the wall of the rubber 
tubing into the bladder. The point of the c needle is made blunt to avoid 
any harm if it happens to touch the wall of the bladder, though every 
possible care is taken not to touch this. The syringe is long (6-3 cm. 
corresponds to 1 c.c.) and the end of its glass plunger is cut sharply, so 
that it measures 1 c.c. with an error of at most 2 per mille. 

The amount of water absorbed from, or given to, the solution is 
estimated by measuring the concentration of a colloid contained in tbe 
solution. It is clearly necessary that this colloid should not pass through 
the bladder epithelium, nor undergo any change while it remains in the 
bladder. It must be measurable quantitatively, and also quite indifferent 
for the living tissue. It was found that haemoglobin satisfies these 
conditions. 

. The saline solution containing haemoglobin is prepared as follows: 
red blood corpuscles of an animal of the same species as that used for 
experiment are laked with water, and the solution is freed from insoluble 
stroma and unlaked corpuscles by means of the centrifuge. This solution 
is added to a NaCl solution, in such proportion that the final solution 
has the desired concentration of NaCl, and contains, too, about 5 
volume p.c. of the water soluble constituents of the corpuscles. To 
measure the concentration of hemoglobin, 0-5 or 1 c.c. solution is made 
up to 25 c.c. with N / 10 HC1 solution, and its colour is compared with a 
standard solution by means of a Dubosq’s colorimeter. The mean of ten 
readings is taken for each estimation. 

That hemoglobin undergoes no change while it remains in the 
bladder of a cat or a rabbit is proved by the following experiment. The 
bladder of a rabbit -was filled with 9 c.c. physiological saline solution, 
and then 1 c.c. solution of 20 volume p.c. of laked corpuscles added to 
it. After 6 hours the bladder content was washed out thoroughly, and 
the fluid made up to 200 c.c. containing A/10 HC1. Mean reading of 
colorimeter is 36-1 mm. Next, 1 c.c. of the same haemoglobin solution 
was made up to 200 c.c. containing the same amount of salt and A/10 
HC1. Mean colorimeter reading -was 36-2 mm. A similar experiment 
was made on the cat. 

The saline concentration of the solution is determined by chlorine-ion 
estimation by Volhard’s method, using a rather dilute silver solution. 
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The form of the curves of these three figures (relative dilution of 
the solution, relative concentration and relative amount of NaCl) with 
respect to time is rather different for each experiment, so that no rule 
is found, which will express the diffusion velocity of water and NaCl 
through the bladder epithelium. 

Some experiments were made on excised bladders which were im- 
mersed in oxygenated Ringer’s solution at body temperature. Their 
permeability was found to be much larger than that of the bladder in a 
living animal, and moreover it. seemed to increase rapidly in a short 
time after excision, so that the results obtained with an excised bladder 
cannot be attributed to the physiological property of the bladder. 

Conclusion. 

■ The epithelial layer of the bladder in a living animal is permeable to 
water and to NaCl under physiological conditions. 
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the magnitude of amount of water and NaCl, which is added to oi 
absorbed from the bladder content. The notation used in the tables has 
the following meaning: the relative dilution, under the column of 
water, is the ratio of colorimeter reading of the solution at time i to 
that of the original solution, thus it means dilution of the solution at 
time t, that of the original solution being taken as unity. The relative 
concentration of NaCl is the concentration of the solution at time t, 
that of the original solution being taken as unity. The relative amount 
of ISfaCl is the product of the figures of relative concentration of NaCl 
and of relative dilution of the solution, thus it means a calculated 
relative concentration of NaCl, the volume of the solution being reduced 
to its original value. 


Table I. Experiment with 0-25 p.c. NaCl solution on a fabbit. 
Water NaCl 



Colorimeter 

Relative 

Amount 

Relative 

Relative 

Time 

reading 

dilution 

in 1 c.c. 

concentration 

amount 

(hours) 

0 

(mm.) 

38-2 

1-000 

(mg.) 

2-87 

1-000 

1-000 

I 

38-0 

■995 

2-91 

1-014 

1-009 

2 

37-8 

•990 

2-99 

1041 

1-035 

3 

37-3 

•976 

3-31 

1-153 

1-124 

4 

370 

•969 

3-48 

1-212 

1-173 


Table II. Experiment with 2 p.c. NaCl solution on a rabbit. 



Water 


NaCl 


Freezing-point 







dnrirnocion 

Colorimeter Relative 

Amount 

Relative 

Relative 

VO 

„ 

Time 

reading dilution 

in 1 c.c. 

concentration amount 

” A 

A ( /Ao 

(hours) 

(mm.) 

(mg.) 



(°C.) 


0 

28-5 1-000 

19-74 

1-000 

1-000 

-1-208 

1-000 

1 

29-3 1-028 

18-10 

•917 

•943 



2 

29-7 1-042 

16-82 

■852 

•888 



3 

29-8 1-046 

15-88 

■804 

•840 



4 

30-0 1-053 

15-14 

•767 

•807 



5 

30-2 1-060 

14-52 

•736 

•780 



6 

30-3 1-063 

14-18 

-7-19 

•765 

-•880 

•728 



Table II a. 





Volume of the bladder content 

Total NaCl in the bladder content 









At the 



At the 



Time 

beginning At the end 

Gain 

beginning 

At the end 

Loss 

interval 

of interval of interval 

of water 

of interval 

of interval 

of NaCl 

(hour) 

(c.c.) 

(c.c.) 

(c.c.) 

(mg.) 

(mg.) 

(mg-) 

0—1 

22-00 

22-62 

•62 

434-5 

409-5 

25-0 

1—2 

20-62 

20-91 

•29 

373-5 

352-0 

21-5 

2—3 

18-91 

18-99 

•08 

318-1 

301-5 

16-6 

3—4 

16-99 

17-10 

•11 

269-8 

259-0 

10-8 

4—5 

15-10 

15-20 

•10 

228-8 

220-8 

8-0 

5—6 

13-20 

13-24 

•04 

191-8 

187-8 

4-0 
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correct depth at which it is required to travel, tho hydrostatic pressure 
produces a force ou the diaphragm that is just balanced by the force 
exerted in the opposite direction by the spring; but if the torpedo gets 
too deep or too shallow the forces no longer balance and the diaphragm 
is pressed inwards or allowed to move outwards respectively, and this 
causes appropriate deflection of the rudders. Experiment shows that 
either mechanism by itself causes an alternate deflection of the torpedo 
from the straight line, because of back-lash and friction. But it is found 
that if both pendulum and hydrostatic membrane operate together, 
that, the one eliminates the tendency to deflection introduced by the 
other, and the torpedo is thus caused to travel along a straight path at 
a given distance below' the surface. 

Applying these conclusions to the fish, it would seem clear that for 
the proper direction of path in three dimensions of space, at least two 
mechanisms would be required, namely, one to give information con- 
cerning depth. below surface, and one to be influenced by gravity, and 
therefore to show deflection from the horizontal axis. Now the latter 
mechanism has long been identified as the otolith organ; the hypothesis 
advanced is that the tympanum, middle ear, and cochlea, arc to he 
identified as the depth recording mechanism. 

The tympanum is on this view the counterpart of the rubber hydro- 
static membrane of the torpedo. The ossicles are the counterpart of the 
lovers which convey the motion of the diaphragm under varying hydro- 
static pressure to the rudder control mechanism, the stapedius muscle 
acting as the spring which in the toqredo balances the force produced 
on the diaphragm by the hydrostatic pressure. In fish, the homologue 
of the cochlea, with its basilar membrane, hair cells, and rods of Corti, 
is on the above view the mechanism by which the changes in position 
of the hydrostatic membrane (caused by changes in depth) are perceived 
by the sending of corresponding stimuli up the cochlea branch of the 
8th nerve. 

Mechanism of the car in fish. It is an essential feature of any mechan- 
ism for recording changes in hydrostatic pressure, that one side of the 
diaphragm should be exposed to the fluid pressure (in this case water) 
while on the other there should be a readily compressible fluid such as a 
gas or air. And further since this gas or air is liable to be absorbed, 
there must bo means provided of renewing the supply. In the case of 
shallow water fish and most reptilia, the supply of air in the middle ear 
may bo readily renewed by the fish coming to the surface of the water 
and causing air to enter via the mouth and eustachian tubes. (In some 



THE EAR AS MORPHOLOGICALLY AN APPARATUS 
FOR PERCEIVING DEPTH BELOW SEA-LEVEL. 

By H. HART RIDGE, M.D., Fellow of King's College, Cambridge. 

{From the Physiological Laboratory, Cambridge.) 

The reason for the close anatomical association of structures so different 
in their physiological purposes as on the one hand the semicircular, 
canals and otolith-organs, and on the other, the cochlea, has long been 
a matter for conjecture. The explanation here advanced is that the 
mammalian organ of hearing subserved irt the ancestors of mammals 
the function of perceiving depth below water surface, and was therefore 
associated with the semicircular canals and otolith organs in the 
identification of position and direction of travel. 

This hypothesis is supported : — 

(а) By the close mechanical analogy between the auditory apparatus 
of mammalia and the depth controlling gear in the naval torpedo, and 

(б) By the fact that in certain fish (Siluridae) a mechanism is found 
consisting of ossicles which connects the internal ear and the swim 
bladder. There is strong evidence that this is used for the perception 
of depth and not for audition. 

Analogy with- naval torpedo. In the naval torpedo there are two 
mechanisms which operate together to control the depth at which the 
projectile shall travel beneath the surface of the water, (1) a pendulum, 
(2) a hydrostatic membrane. 

The former mechanism under the influence of gravity records any 
deflection that the long axis of the torpedo may make with the hori- 
zontal, and if such a deflection exists it turns the horizontal rudders in 
such a direction that the deflection tends to be corrected. 

The hydrostatic membrane is a sheet rubber diaphragm situated in 
the side of the torpedo, being in contact with the water on the outside 
and on the inside with the air-filled interior. If the torpedo is at a depth 
below the surface the hydrostatic pressure tends to press the diaphragm 
inwards, but this motion is resisted by a spring. If the torpedo is at- the 
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None of the above objections apply to the alternative view that the 
mechanism is used for measuring air-bladder volume under changes of 
hydrostatic pressure. It would seem clear, therefore, at all events so 
far as this typo of mechanism is concerned, that the perception of depth 
and corresponding control of direction is the function performed and 
not that of audition. 

The intermediate type of mechanism described early in this paper, 
in which the water exerts its pressure directly on an externally placed 
tympanum (as it does in the naval torpedo) now comes up for examina- 
tion. It is at once found that so far as the anatomy and mechanical 
features of the apparatus are concerned, the function performed could 
be either that of audition or that of depth perception. And it would 
seom that both functions could be efficiently performed without modi- 
fication. If any differentiation were possible, one would say that those 
fish in which the mechanism appears to be well designed (so far as free- 
dom from friction, inertia losses and back-lash are concerned) are more 
likely to employ the organ for audition than for depth perception, but 
this is probably a purely artificial criterion. It iB probable then that in 
this type wo see the direct connecting link between the depth perceiving 
mechanism used by fish, and the apparatus for audition found in 
mammalia. 

Summary. 

The view is advanced that the auditor)' apparatus of mammalia 
which is represented by the cochlea, fenestne, ossicles and tympanum 
once formed in their ancestors, an apparatus for perceiving not sound 
vibrations, but the depth below sea-level. If this view is correct it 
would explain why the cochlea, the semicircular canals and the otolith 
organs are associated together anatomically and have a common nerve, 
since if the cochlea perceives depth below surface, all three would be 
directly concerned with the perception of position and the control of 
direction. 
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fish the air in the swim bladder is renewed in a similar way(i).) In the 
case of fish living below the surface, a different method of renewing the 
air has to be provided, namely by forming a special connection with the 
gas secreting gland (the swim bladder). This may be effected by either 
connecting the swim bladder with the middle ear by a tube or duct 
(Owen (2) says this is the case in many osseous species of fish) or by 
making the swim bladder itself form the chamber, the change in volume 
of which (with change of depth below surface) brings about movements 
of the mechanism which connects with the internal ear. This is the 
arrangement found in Carp, Loach, and Sleat-fisli. About these fish 
Weber(3) wrote (quoting the abstract given by Owen): “A canal is 
sent from the sac of each vestibule to a common sinus impar. . .which 
communicates on each side by a small orifice with two sub-spherical 
atria. . .which atria are supported externally by the ossicles 1 and in, 
and by means of the large ossicle o are brought into communication 
with the fore part of the air bladder p. Both the atria and common 
sinus are filled with endolymph. . . . ” Weber actually named these 
three ossicles the malleus, incus and stapes, and held that they existed 
chiefly in subserviency to the organ of hearing. 

Mu Her (4) concluded that the air bladder in fishes in addition to 
other uses serves the purpose of increasing by resonance the intensity 
of the sonorous undulations communicated from water to the body of 
the fish. This conclusion is not accepted by Bridge and Haddon(5), 
who examined the anatomy of the swim bladder in many groups of fish. 
They state that the ossicles connecting the labyrinth with the swim 
bladder are less adapted to the conduction of fine sound vibrations than 
they are to the indications of gross changes in the capacity of the air 
bladder such as would be brought about either rapidly by external 
changes in the hydrostatic pressure or slowly by alteration in the volume 
of gas in that organ by secretion or readsorption. They advance the 
following points against Weber’s theory (that the mechanism has an 
auditory function): (1) Sound vibrations would be passed from water to 
the air in the swim bladder with great loss of intensity. (2) In many 
Siluridae, the walls of the air bladder are very thick, and are therefore 
ill-adapted for conducting sound. (3) The ossicles have considerable 
inertia, have no useful lever action, and are not firmly connected (as 
they are in the ears of mammalia) so that they can vibrate rapidly 
unefer the action of sound waves as one concrete mechanism. (4) I here 
is no evidence that the, Siluridae, which possess this mechanism, havo 
exceptional powers of hearing. 
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heart produced the effects described by Ringer us produced by calcium 
(prolongation o£ systole, slowing of diastole, etc.). Under the conditions 
given here, as the illustrations show, it does not. The effects are not 
consequent on any persisting influence of potassium because a further 
treatment with potassium, but using the dibasic phosphate instead of the 
chloride, restored and reinforced the capacity of this calcium solution to 
produce the effects described by Ringer as produced by calcium. Hence 
the actions of calcium as described by him are not pure, but the result of 
calcium interacting with the phosphates abundantly present in the fresh 
heart. Hence also the effects described in this paper are to be ascribed to 
chlorides being in excess in the cardiac tissues ns well as to calcium being 
in excess in the perfusing solution . 



Fig. 1. 0*15 CaCl. = perfusion of solution containing 0-15 % CaCl,, 

0 0 % NaCl, 0 03 % KOI, 0 01 % NnHCO,. Time every 10" 

Von lines' Experiments ) was modified to suit a rhythmical prepara- 
tion. Of the pairs of stimuli used by him, the natural stimulus evoking 
contraction was taken as the first member and a single induction shock 
used ns the second. By careful watching and practice, the artificial 
stimulus was applied at gradually decreasing intervals measured from 
the commencement of the natural contraction. The artificially excited 
contraction was greater in height according as the interval between it and 
the natural contraction was less until finally the spontaneous and artificially 
excited contractions fused into one large contraction. Examples are shown 
in Fig. 2. 

Faradisation produced a summation of contractions in this prepara- 
tion as regularly as it does in skeletal muscle. Summation of contractions 


CARDIAC TETANUS. By W. BURRIDGE, M.B. 

(From the Physiological Laboratory, Oxford.) 

Walt HER (13) gives comphate references to the experiments on cardiac 
tetanus and in his discussion concludes that superposition of contractions 
and a condition approximating to the tetanus of skeletal muscle is possible 
in the heart. His experiments were performed on hearts poisoned by 
muscarine and his illustrations show an incomplete fusion of contractions 
as the condition resembling tetanus. R 6 hde(iO) also obtained somefusion 
of contractions in hearts poisoned by chloral hydrate and considered the 
phenomena as consequent on the drug dissociating the cardiac nervous 
and muscular elements. His views were confirmed by Carlson(O) and 
contested by Schultz(ii). 

The experiments below have been performed on hearts subjected only 
to alterations in the proportions of their normal environment. They 
indicate that the greater richness of cardiac muscle in phosphates as 
compared with skeletal muscle, is an important factor in determining its 
mode of behaviour. 

Method. The hearts were excited through platinum electrodes applied 
to the base of the ventricles as described in a former paper. The Bayliss 
frictionless writing point (l) was employed. The hearts were first treated 
with 5 p.c. potassium chloride, this solution washed out with Ringer’s 
fluid, and then when activity was re-established the fluid replaced by a 
solution of the composition 0*6 p.c. NaCl, 0-03 KC1, 0-01 p.c. NaHC0 3 and 
0-15 p.c. CaClj. This usually caused a temporary increase of tonus and 
a slight decrease in the height of the spontaneous contractions. See 
Fig. 1. The reverse change is shown in Fig. 3. 

If the heights of the spontaneous contractions were not decreased the 
treatment with the potassium chloride was repeated. On the other hand 
in stale hearts the treatment with potassium chloride might not be 
necessary. Special attention is drawn to the mode of beat of the heart 
perfused with the solution given, inasmuch as it is similar to the mode of 

beat described by Ringer(9) as associated with potassium, whereas these 

hearts were actually perfused with a solution containing large amounts of 
calcium. This solution of high calcium content perfused through the fresh 



CARDIAC TETANUS 


251 


The preparation also showed fatigue. ‘An example is shown in Fig. 4. 
The fatigue was shown by several phenomena: (1) the refractory period 
was lengthened as shown by (a) replacement of unwavering by wavering 
tetanus, (!>) diminution in the height of the tetanic contraction ; (2) slowed 
rate of beat on cessation of stimulus; (3) diminished height of beat. 
Recovery slowly took place on continued perfusion. 


■ W 



Fig. 3. In the lower tracing noto the after (shortening and slowing of relaxation 
after faradisation. 

Timo every 10 seconds, + = faradisation begun, f faradisation erased. S == con- 
tractions evoked by single induced shocks. iV.S = Ringcr’s fluid of normal calcium 
content -02 p.c. CaCI,. ~ 



Fig. 4. Previous to .4 the heart had rccti\<^ ^^r periods of faradisation lasting 2| mim*tcs, 
as a result of wliich the height of th fltldlic contraction had decreased from 2."» inro. 
to that shown here l x J). A complete <uoolf c ring tetanus was thereby also changed to 
the wavering shown in the tracing. 

At XS the calcium content was decreased to 0 02 % CaCl t . This accelerates the rate of 
recovery (cf. Fig. 3). ‘ 

B shows recovery. The rate of beat was Bubsco. ucnt b' increased by treatment with the 
dibasic phosphate of potassium. j 

Timo in minutes. X.S. =norniaI Ringer’s fluid. v 
FH. LTV. 


17 
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taking place under the influence of calcium has also been recorded by 
Ringer, Walther, Schultz and others. Examination of the records 
given by Ringer and Walther shows however that the summation 
obtained by them was primarily consequent on slowing of the relaxation 
process. Before summation of contraction in the heart can be directly 
comparable with the phenomenon given the samenamein skeletal muscle, 
the relaxation process should be of normal duration. Schultz’s state- 
ment that the compound contractions obtained under the influence of 
calcium are smaller in amplitude than the single contractions of the 
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Fig. 2. Examples of Von ICries’ effect. 

Sp. = spontaneous contraction. S — contraction excited by a single stimulus. 


unpoisoned heart is incorrect. His error probably arose from the use of 
damaged tissues (strips of muscle) imperfectly treated by baths. My own 
experiments performed on hearts of known contractile capacity show 
that the summated contractions can utilise the whole of the contractile 
material. The phenomena described by Mays(7) and Mines (8) are prob- 
ably consequent on loss of phosphates brought about by perfusion (4) or 
by the acid (5). 

The preparation described also admits of a complete unwavering 
tetanus (cf. Eig. 3). 


NITRITE METHiEMOGLOBIN AND RELATED PIG- 
MENTS. By H. HART RIDGE, M.D., Fellow of King's 
College, Cambridge. 

( From the Physiological Laboratory, Cajnbridge.) 

In describing the product formed when sodium nitrite acts on oxyhemo- 
globin Haldane points out correctly that not only is its reddish brown 
colour quite unlike that of ordinary neutral methromoglobin (e.g. 
prepared by the action of fcrricyanide) but also its absorption bands 
arc different in that the a band in the red is less strong in comparison 
with the p and y bands than it is in the case of neutral methtemoglobin. 
Haldane suggested that the increased density of the p and y bands 
might be duo to the nitrite compound being a mixture of neutral 
mcthaimoglobin and an additional pigment. He ruled out the possibility 
of the additional pigment being oxyhremoglobin owing to the P and 
y bands of the nitrite compound being much more diffuse than those 
of oxyhamtoglobiu, and because saturating the fluid with carbon monoxide 
changes neither the colour nor the bands. Haldane suggested that the 
additional pigment might be nitric oxide htcmoglobin because firstly its 
colour is bright red and therefore any pigment .with which it is mixed 
would bo redder than the pigment alone, and secondly its absorption 
spectra correspond closely in ’^o’ition to those of the p and y bands of 
metlnemoglobin, and therefore th^Addition of nitric oxide lucmoglobin 
would increase the density’ f f.' /so bands relative to the a band and 
would therefore make nentr'm'V; rihtemoglobin appear spectroscopically 
like nitrite methmmoglobin. « if Haldane’s suggestion is true, it 
should clearly bo possible to i'.tyilitc the spectrum of nitrite metlurmo- 
globin by suitable thicknesses and concentrations of ordinary met- 
luemoglobin and nitric oxide luemoglobin in two separate vessels. This 
was tested in the following manner. A strong solution of neutral 
metlnemoglobin prepared by the action of potassium fcrricyanide on 
lakcd blood was dialysed for twelve hours in a collodion bougie against 
water, so ns to remove excess of the unused fcrricyanide. This solution 
was now suitably diluted and divided into three parts, 

17—2 
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The phenomena in these cardiac cases confirmed my previous results 
in skeletal muscle that fatigue is primarily consequent on loss of ability 
to be excited and not on loss of capacity to contract. The potassium 
chloride method (3) showed that the fatigued hearts maintained an intact 
stock of contractile material capable of contracting, but of which only a 
portion could be thrown into action by an induced shock or the normal 
propagated disturbance. Adrenin had a very marked action in facilitating 
recovery so that it would appear from this that an alteration in aggrega- 
tion state(i4) may be an important factor in fatigue. 

Summary. 

1. A cardiac preparation is described which can be (a) fatigued, 
(6) thrown into tetanus, and (c) show Von Kries’ phenomenon. 

2. The mode of obtaining the preparation indicates that differing 
capacities to adsorb different elements of a common environment may 
be an important factor in determining differences of muscular behaviour. 
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double wedge trough and it was found when the spectra and colours of 
the solutions otherwise match, thatthcabnnd of alkaline methrcinoglobin 
(at GOfO a.u.) acts as a disturbing factor. Nitric oxide hremoglobin was 
now placed in a separate trough, and the beam of light that passed 
through the double wedge trough was caused to pass first through this 
trough as well, so that different thicknesses of neutral methaimoglobin, 
alkaline motluemoglobin and nitric oxide haimoglobin could be matched 
with the nitrite methaimoglobin. It was found that the colour and 
spectra of the latter could be-matched if a sufficient thickness of the 
alkaline mcthaemoglobin was used for its a bands (at G040 A.u.) to be 
just visible. Since, however, nitrite methaimoglobin shows no band in 
this position, it would appear impossible to imitate the colour and 
spectra" of nitrite methaimoglobin by means of mixtures of the three 
pigments. If, therefore, nitrite methaimoglobin is in fact a mixture of 
pigments, it is difficult to ascertain what the pigments present can be. 
Tho attempt was now made to vary tho strengths of different pigments 
by the action of dilute alkali, dilute acid, heat coagulation, and dialysis 
against water in a collodion bougie. The spectra of nitrite metluomoglobin 
did not, however, undergo any change that would indicato any variation 
in the composition of the solution, such as would be expected if a mixture 
of pigments of different chemical composition was present. Thus alkali 
would leave nitric oxide haemoglobin unchanged, but would cause all 
the methtemoglobin present to change to the alkaline phase, the end 
product would therefore be a mixture of this pigment and nitric oxide 
haemoglobin. When, however, comparison was made between ordinary 
alkaline methaimoglobin and nitrite methaimoglobin treated with alkali, 
the colour and spectra appeared to bo identical, showing no nitric oxide 
component to be present. 

As experiment had given entirely negative evidence for tho com- 
posite nature of nitrite methaimoglobin tests were commenced to find 
proof for its existence ns a definite chemical compound. For this 
purpose tho well-known effect of ammonium sulpiride in reforming oxy- 
hmmoglobin from methaimoglobin (both neutral and alkaline) was used. 
A solution of laked blood was divided into two equal parts, one part 
was fully saturated with CO gas, the other part was treated with sodium 
nitrite to form nitrite methaimoglobin. The latter was also fully saturated 
with CO gas and of course underwent no change either colorimetric or 
spectroscopic. To this a solution of ammonium sulphide was added thus 
reconverting all methaimoglobin present into oxybrcmoglobin, which in 
tho presence of CO gas would bo converted into carbon monoxide 
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mixture of the two pigments could exist in a stable state. The hydrogen 
ion concentrations of some of the mixtures was determined approxi- 
mately by mixing small quantities of neutral methremoglobin with 
excess of different buffered solutions -which formed a series from 6 to 
10 P H . The mixtures were then compared spectroscopically with solutions 
of neutral and alkaline meth.emoglobin placed one on either side of a 
double wedge trough. The results are shown in the table below: 


Ph 

Percentage of alkaline 
metluemoglobin 

7 

0 

8 

0-5 

8-2 

5-10 

8-4 

about 25 

8-6 

55-00 

8-S 

abont 75 

9 

95-100 

10 

100 



These values are shown plotted in Fig. 1\ The graph shows that neutral 
methsemoglobin exists in solutions on the acid side of P H 8, alkaline 
methsemoglobin on the other hand exists in solutions on the alkaline 
side of P H 9. Between these two values the various mixtures of alkaline 
and neutral methaemoglobin exist together in the various proportions 
shown in the table. That is methaemoglobin behaves like an indicator 
for the range P H 8 to P B 9, 

Comparison was made between the bands of nitrite methsemoglobin 
and different mixtures of neutral and alkaline methsemoglobin in the 
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(2) Reagents which would be expected to act differently on various 
constituents if these were present, and therefore to modify the appear- 
ance of the absorption bands; were not found to bring about such a 
change. 

(3) Nitric oxide htemoglobin is not a constituent, for if nitrite 
methiemoglobin be converted into carbon monoxide htemoglobin by the 
action of CO gas and ammonium sulphide, the a bands are found to 
occupy their normal positions. 

(4) Methfemoglobin has been found to behave like an indicator over 
the range P u 8-9. Below 8 methasmoglobin shows the spectra and colour 
of “neutral” methiEmoglobin, above 9 on the other hand those of 
“alkaline” methsemoglobin are given. Between 8 and 9 both pigments 
exist side by side in the solution, their relative amounts varying with the 
reaction. 
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hemoglobin and would stop at that point, since the ammonium sulphide 
is not able to bring about the reduction that it effects when carbon 
monoxide gas is not present in the solution. Now Gamgee( 2 ) found 
with the ordinary spectroscope that the bands of nitric oxide hemoglobin 
are identical in their positions' with those of oxyhemoglobin; measure- 
ments with the reversion spectroscope (3) show that there is a considerable 
difference between the positions of the bands of the three compounds of 
hemoglobin. The values obtained are given in the following table: 



a band 

$ band 


A.U. 

A.U. 

02Hb 

5768 

539S 

COHb. 

5714 

5300 

NOHb 

5785 

5418 


Experiments with the double wedge trough showed that a gradual 
change in the position of the a band in the spectrum occurs from 5714 a.u. 
to 5785 A.u. as carbon monoxide hemoglobin is displaced by nitric oxide 
hemoglobin. By ascertaining the wave length of the a band by means 
of the reversion spectroscope the relative amounts of the CO and NO 
compounds can be accurately ascertained. It was found further that 
as little as 6-8 p.c. NOHb could be recognized in a solution of the 
two pigments. By changing the methaemoglobin compounds in nitrite 
methaemoglobin into carbon monoxide haemoglobin by the reaction 
above described any nitric oxide present in greater quantity than 
6-8 p.c. would at once disclose itself by shifting the a band. Now 
measurements had shown that if nitrite methaemoglobin were a mixture 
of methaemoglobin and nitric oxide haemoglobin as Haldane supposed 
at least 36-40 p.c. of the latter would have to be present in order to 
give the colour and absorption spectra that nitrite methaemoglobin is 
found to possess. Having treated some nitrite methaemoglobin with CO 
gas and ammonium sulphide, the a bands w r ere measured and found to 
be in their normal position, and therefore less than 6-8 p.c. nitric oxide 
haemoglobin must have been present, that is roughly 30 p.c. less than 
Haldane’s mixture would require. This is therefore definite evidence for 
nitrite methaemoglobin being a definite chemical compound. 

Summary. 

The following evidence is in favour of nitrite methaemoglobin being 
a definite ehemical compound: 

(1) Mixtures of certain pigments in different proportions did not 
match the colour and spectra of nitrite methaemoglobin. 
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We may estimate tlie resistance of a given organism by the time 
taken to kill that organism with a given toxic agent. The majority of 
the organisms in the culture will have a certain mean resistance, some 
will die quicker and some slower than the greatest number. This can be 
represented by an ideal frequency curve (Fig. 3), Yule(O). 

The area included between the curve and the x axis represents the 
total number of organisms in the culture. The value of x represents the 
resistance of the organisms (as measured by the time taken to kill). The 
value of y represents the number of organisms out of the whole culture 
having a resistance of x. 



Fig. 3. Ideal symmetrical frequency curve (Yule) 


In the case of a frequency curve plotted upon squared paper, the 
number of small squares included between the curve and the x axis will 
represent the number of individuals in the culture. Suppose that we 
submit the culture to the action of a killing agent, the killing agent 
may he represented by a straight line sweeping from x 0 -*x 1 pnrallel to 
the axis of y. It will wipe out successive portions of the culture starting 
with the least resistant. If we stop the killing process at any point P, 
the shaded area x 0 PQ will represent the number of individuals killed. 
By counting the number of squares in this shaded area and dividing by 
the total number of squares representing the whole culture, we can 
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Fig. 1. Death curve for colpidia, Exp. 1. (a) Ordinates p.c. survivors, 
(ft) Ordinates Iog, 0 p.c. survivors. 



Fig. 2. Death curve for colpidia, Exp. 2. (a) Ordinates p.c. survivors. 
(6) Ordinates log 10 p.c. survivors. 
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n toxic agent sufficiently strong to kill a number of the colpidia quickly 
before the first observation we shall not get any observations of the 
first part of the curve at all. The protozoon curves confirm the sug- 
gestions made by Brooks upon this point. 



Fig. 6. Asymmetrical frequency carve (skew-shaped) (Y ulo). 



Fig. C. A. Ordinates p.c. survivors. Abscissa*. Resistance of individuals, measuredpin. 
terms of tho timo to kilt x units are arbitrary but correspond with x units of F’ 
fi. Ordinates log ia p.c. survivors. Abscissto as for A. ' ' ' 
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obtain the percentage of individuals which have died up to the point P 
and so the percentage of survivors. Proceeding in this way we obtain 
a series of figures which are the percentage of survivors at different times. 
These may now be plotted as the ordinates of another curve, curve A 
Pig. 4, which is readily recognized as the S-shaped statistical curve. If 
we plot the logarithm of the percentage of survivors, we get curve B 
Fig. 4. The latter curve it will be seen bends rapidly down and becomes 
practically a straight line. 



Fig. i. A. Ordinates p.c. survivors. Absciss®. Resistance of individuals, measured in 
terms of the time to kill, x units are arbitrary but correspond with x units of Fig. 3. 
B. Ordinates log 10 p.c. survivors. Absciss® as for A. 

If these curves (Fig. 4) are compared with Figs. 1, 2, obtained from 
killing colpidium cultures, it will be seen that the general resemblance 
is very striking. The only real difference is that the S-shaped curve for 
the colpidia is not symmetrical. This is however the rule for biological 
material, and means that the frequency curve is not an ideal one, but 
rather of the nature of Fig. 5(7), a skew-shaped curve. The S curves and 
the corresponding logarithmic curves have been calculated and are 
shown (Fig. 6{i, 2)). Variation will then explain quite well Miss Chick s 
results for Staphyloccus pyogenes aureus. The curves which are straight 
lines from the beginning may well be explained as follows. If ^ve take 



THE ACTION OF CERTAIN SERUM CONSTITUENTS 
UPON THE HEART AND PLAIN MUSCLE. By A. J. 
CLARK. 

( From the Pharmacological Departments of Guy's Hospital 
and University College, London.) 

In a previous paper (1) I showed that serum produced a slight augmcntor 
effect upon the freshly isolated heart of the frog, and a yery strong 
augmentor effect upon the frog’s heart, after prolonged perfusion with 
Ringer’s fluid (hypodynamio heart). I also showed that this effect was 
due entirely to the alcohol soluble constituents of the serum, and that 
lecithin and even soaps of the higher fatty acids produced similar effects. 

Numerous workers have studied the action of serum upon the iso- 
lated organs of the frog and the mammal, and some of the most important 
results are as follows. 0’Connor(3) found that serum produced vaso- 
constriction in the perfused frog, and that in isolated mnmmalian 
tissues, serum produced increased contractions of the uterus, gut and 
blander, and vaso-constriction, he found moreover that hirudin plasma 
produced none of these effects. Cushny and GunnP) found, with the 
isolated heart of the rabbit, that the addition of serum to the perfusion 
fluid caused (a) o preliminary stage of stimulation in which the con- 
tractions were augmented and usually accelerated and ( b ) a subsequent 
stage of depression in which the contractions became progressively 
weaker and slower. They showed that this depression was due to tho 
intense vaso-constriction produced by the scrum, which stopped the 
flow of fluid through the heart. Yanagawa(l) confirmed these results 
and showed that if the serum proteins were precipitated by acetone- 
ether, then the protein fraction produced vaso-constriction, whereas the 
acetone-ether soluble fraction produced no effect. 

,.The results show that the reaction of the mammalian heart to serum 
constituents is totally different from that of the frog’s heart. I per- 
formed the series of experiments described below with a view to deter- 
mining the action of the different constituents of serum upon different 
tissues. J 3 TW 

Preparation of material. Sheep’s scrum (800 c.c.) was • 
on glass plates in a current of air. The dried powder 
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It seems then that the logarithmic death shows that the bacteria and 
colpidia exhibit variations in resistance to any toxic agent. For pur- 
poses of disinfection the monomolecular law is an admirable working 
rule provided that it remains as such and does not involve the idea that 
bacteria can be treated as single chemical molecules. The reader is 
referred to the remarks of F. G. Hopkins (8) in connection with the 
sweeping criticisms of Arrhenius upon the methods of the biologist. 

The expenses of this research have been defrayed by a grant from the Government 
Grant Committee of the Royal Society. 


Summary. 

Organisms from a culture of the eiliate protozoon, colpidium, when 
exposed to the action of a toxic agent, die in such a way that there is a 
straight line relationship between the time- and the logarithm of the 
percentage of survivors for a large part of the death process. The apparent 
logarithmic law can be interpreted in terms of the variation in the 
resistance of individuals of the protozoon culture to the toxic agent. 
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Experiments were also performed to determine the action of serum 
upon the movements of the frog’s gut. Frogs were perfused through 
the left aorta, the viscera were exposed, and records were taken of the 
movement of the stomach muscle, and of the rate of flow of the per- 
fusion fluid. Scrum, alcoholic extract of serum, and lecithin all pro- 
duced increased tonus of the stomach muscle, this effect is shown in 
Fig. 1; the serum proteins however produced no such effect. 



Fie. 1. Frog perfused through aorta. Movements of stomach (upstroke systole), also 
rnto of (low of fluid (drop recorder). I, Effect of addition of scrum 0 3 p.c. to per- 
fusion fluid. Increased tonusofstomnchandvaso-constriction. II. Effect of addition of 
lecithin 0 01 p.c. to perfusion fluid. Increased tonus of stomach and vaso-dilatation. 

Experiments upon tlu: rabbit's heart and blood vessels. The action of 
serum and its derivatives was determined upon (i) isolated rabbit’s 
hearts perfused through the aoita, (ii) isolated rabbit’s auricles, which 
were cut off from the rest of the heart and suspended in Ringer’s fluid 
through which a free stream of oxygen was passed, and (iii) rabbit’s 
cars perfused through the artery. 

The effect of serum upon the rabbit’B heart is shown in Fig. 2, this 
shows the result described by Cuskny and Gunn, namely an initial 
increase in the force of the beat and then great vaso-constriction, 
followed by diminution in the rate and force of the beat; when however 
the auricles were removed from the same heart and suspended in Ringer’s 
fluid, the addition of serum caused a slight increase in the force of the 
beat, and no alteration in the rate, and after prolonged isolation of the 
auricle, the addition of serum caused a well-marked increase in both tho 
frequency and the force of the- beat. This shows that the deleterious 
action of serum upon the perfused heart is due to its action in pro- 
ducing vaso-constriction. The effects of serum, and of serum derivatives, 

K' 
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with 200 c.c. water and poured into 1000 c.c. of ice cold alcohol. The 
precipitate was washed with alcohol and with ether and then dried 
(fraction I containing the serum proteins). The alcohol-ether fractions 
were mixed, evaporated to 100 c.c., and an equal volume of water was 
added, and the turbid fluid was shaken with successive fractions of 
ether, the ether extracts were finally evaporated to dryness (fraction II 
containing the substances soluble in alcohol and ether). At the same 
time a sample of moderately pure lecithin was prepared by extracting 
a sample of lecithin with acetone and water and taking up the residue 
with absolute alcohol. 

Experiments upon frog's tissues. The following four substances were 
tested: serum, the two serum fractions, and lecithin. These substances 
were tested upon (i) isolated hearts of R. temp, set up in the method 
described in a previous paper (i), and (ii) upon the vessels of frogs per- 
fused by the Trendelenburg method. The results obtained are sum- 
marised in Table I, all the figures- represent the average of several 
observations. 


Table I. The figures denote the percentage alterations observed ten minutes alter 
the introduction of the substance under investigation. 


Serum 0-5 


I (hypodynamic) frog’s heart. 

Amplitude of 

contraction Frequency 

+ 80 +20 

Rate of flow 
through 
vessels of 
perfused 
frog 
-10 

2-0 

... ... 

+ 100 

+ 15 

-50 

5-0 

••• ... 

+ 100 

+ 50 


Serum proteins 0-2 ... 

... ... 

nil 

nil 

-40 

0-5 ... 

... ... 

nil 

nil 

-50 

1-0 ... 

... 

nil 

nil 

-85 

Alcoholic extract of serum 0-001 ... 

+ 20 

nil 

nil 


0-005 ... 

+ 400 

+ 50 

+30 

Lecithin 0-0001 


+ o0 

+ 30 

nil 

0-001 

... ... 

+ 100 

+ 80 

nil 

0-005 

... ... 

— 

— 

+ 10 


Experiments were also made with plasma from defibrinated blood 
and with dried serum suspended in water, the results obtained were the 
same as with fresh serum. 

These results show that the vaso-constrictor action of serum upon 
frog’s vessels is due to those constituents which are precipitated by 
alcohol (probably the serum proteins), whereas the augmentor action 
of serum upon the frog’s heart is due to the alcohol soluble substances, 
these latter substances have a slight vaso-dilatator action (cf. Fig- !)• 
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Serum also causes a slight increase in the force of contraction of the 
isolated auricle, serum proteins have no action on it and alcoholic extract 
of serum and lecithin have no augmentor action and if anything depress 
its activity. The striking augmentor effect produced by serum, alcoholic 
extract of serum and by lecithin upon the frog’s heart is not shown by 
the mammalian heart. 

In a previous paper I advanced the hypothesis that the hypodynamic 
condition produced in the frog’s heart by prolonged perfusion was due 
to a loss of lipoids, and that this was the reason for the strong action 
produced by lipoid substances upon the hypodynamic heart. The 
mammalian "heart after prolonged perfusion becomes very enfeebled, 
but in this case serum has a relatively weak augmentor action and 
serum lipoids have no action at all. The weakening of the mammalian 

Table II. The figures denote the percentage alterations observed five minutes after 
the introduction of the substance under unestigution. 

Isolated auricle Perfused 


Perfused rabbit'* heart 

of rabbit 

rabbit * ear 

Amplitude or itatoof 
contraction flo* of 

Frequency of \entriclc fluid 

Amplitude of 
contraction 
Frequency of auricle 

Pate of 
flow of 
fluid 


Scrum 0 2 

-10 

+ 5 

-10 

ml 

ml 

-40 

10 

-20 

-20 

-CO 

nil 

+ 10 

-45 

2 0 

— 

— 

— 

nil 

+ 20 

— 

Scrum proteins 0 05 

— 

— 



— 

— 

-10 

01 

- 5 

-40 

-40 

nil 

ml 

— 

02 

— - 

— 

— 

■ — 

— 

-40 

05 

— 


-05 

nil 

mi 


Alcoholic extract 

of scrum 0 01 

-10 

-15 

+20 

-6 

-20 

-l 0 

Lecithin 0 002 

-10 

nil 

-20 

nil 

nit 



0 005 ... 

— 

Heart 

arrested 

— 

ml 

nil 

-10 


heart is therefore due to causes other than those producing weakening 
of the frog’s heart. I believe that the chief cause for the failure of the 
mammalian heart is due to insufficient oxygen supply, and that this 
masks any other effects. 

There are indications that after prolonged isolation the mammalian 
auricle suffers changes similar to those observed in the frog’s heart. 
The isolated auricle even after prolonged isolation continues to give up 
to the surrounding fluid some substance Which lowers surface tension, 
moreover serum produces a distinctly greater effect upon the long 
perfused than upon the ’fresh auricle. 
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and .of lecithin, upon the auricle, the blood vessels, and the perfused 
heart of the rabbit are summarised in Table II. 

Table II shows that serum and serum proteins cause strong vaso- 
constriction whilst the alcoholic extract of serum causes slight vaso- 
dilatation, this result agrees with the results obtained by Yan'agawap). 



— — A.wa.iTi-rn.1. i..j * - 1 

Time in tea 


Fig. 2. I. Isolated rabbit’s heart perfused with Ringer. Temp. 35° 0. Movements of 
ventricle recorded. At A 10 c.c. of Ringer containing 10 p.c. rabbit’s serum injected 
into side tube. Previous to injection. Frequency 100 per minute. Rate of 9°"' of 
perfusion fluid, 8 c.c. per minute. Two minutes after injection. Frequency, 28 per 
minute. Flow of fluid arrested. 


II. Auricles removed from the heart and suspended in 50 c.c. of Ringer. Temp. 35 • 
At A 1 c.c of serum added to bath. Frequency before addition of serum, 198 per 
minute; frequency 5 minutes after addition, 174 per minute. 


III. Same preparation as in II, 5 hours later, suspended in Ringer in intervening period. 
At A I c.c. serum added to bath. Frequency before addition of serum. 90 per minn e. 
Frequency 5 minutes after addition, 138 per minute. 


PERFUSION WITH SERUM 


273 


Table III. The figures denote the percentage alteration in activity alter five minutes 
exposure to the eubstanco under investigation. 

Isolated gut of rabbit , , 

— Isolated 

Frequency of Height of uterus of 

contraction contraction guinea pig 


Scrum 0-1 



+ 10 

+20 

— 

0 5 


+ 10 

+25 

— 

50 




Increased 
systolic tonus 

Scrum proteins 0-1 



nil 

nil 

— 

05 



ml 

ml 

nil 

Alcoholic extract of serum 0 001 

+ 5 

+ 18 

— 


0 005 

+ 5 

+ 24 

— 


0 01 

+ 5 

+ 50 

increased 
systolic tonus 

Lecithin 0 01 ... 



+ r, 

+ 5 

Increased 

8} stolie tonus 


Discussion and Summary. 

The actions of serum and of serum derivatives upon the isolated 
tissues of the frog and mammal are summarised in Table IV. 

Table IV. 

+ indicates vaso-constriction, increased tonus, or augmentor cfTect. 

- indicates vaso-dilfttation. 


O indicates no action. 

Scrum 

Serum 

proteins 

Alcoholic 
extract 
ol scrum 

frog b tissues 

i. Heart, recently isolated ... 

+ 

O 

+ 

ii. Heart, hypodynamio 

+ + + 

O 

+ + + 

iii. Blood vessels 

+ + 

+ + 

— 

iv. Stomach 

+ 

O 

+ 

Mammalian tissues 

i. Isolated auricle 

+ 

o 

O 

ii Blood vessels 

+ + + 

+ + + 

— 

iii. Gut ... 

+ + 

o 

+ + 

iv. Uterus 

4- 

o 

+ 


The results set out in Table IV bliow that the action of serum upon 
isolated tissues is the sum of the action of the serum proteins and of the 
alcohol soluble constituents and that these two sets of substances have 
totally distinct actions. 

The serum proteins produce strong vaso-constriction and have little 
action upon other tissues, while the alcohol soluble substances prod 
slight vnso-dilatation, a great augmentor effect upon thejrog’s I* ^ 
moderate augmentor effect upon the frog’s stomach, and ’* 
gut and uterus, but no effect upon the mammalian ■ 
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I noted also that in the bypodynamic frog’s heart changes in the 
ionic content in the Ringer’s fluid produced a much greater effect than 
did the same changes in the fresh heart, and I attributed this to the 
loss of lipoid having made the cells more permeable. A similar effect is 
seen with the isolated mammalian auricle. Fig. 3 shows the effect of 
increasing the percentage of sodium chloride in the Ringer’s fluid upon 
the fresh and the exhausted mammalian auricle, and it null he seen 
that the effect is much greater in the latter case. 



Fig. 3. I. Auricle 30 minutes after isofotion' in normal Ringer’s fluid (NaCl -9 p.c.; CaClj 
■012 p.c.; KC1 -04 p c.; NaHCO s -02 p.c.). At A a fluid was substituted containing 
half the normal quantity of sodium chloride with cane sugar added to render it 
isotonic (NaCl -45 p.c.; cane sugar 4-8 p.c. father constituents as before). 

II. Same auricle 34 hours later, suspended in mqrmal Ringer’s fluid during intervening 
period. At A fluid containing NaCl -45 p.c. and cane sugar 4-8 p.c. substituted for 
the normal fluid. 

Experiments upon the isolated gut and uterus- of mammals. The actions 
of serum, serum derivatives and of lecithin upon the isolated gut of 
rabbits, and the isolated uterus of guinea pigs, are shown in Table Hi- 
Table III shows that, serum produces a marked increase in the 
activity of the isolated gut and uterus, and that the alcoholic extract 
of serum and lecithin produce similar effects but that serum proteins 
produce no effect. 


THE EFFECT OF ALTERATIONS OF TEMPERATURE 

UPON THE FUNCTIONS OF THE ISOLATED HEART. 

By A. 3. CLARK. 

( From the Departments of Pharmacology, University of Qape Town, 
and University College, London.) 

Several investigators liave determined the effect of alterations of 
temperature upon the isolated hearts of frogs and mammals. Much of 
this work was done to determine whether the frequency of the heart 
was a linear or logarithmic function of the temperature. Other workers 
determined the coefficient of the alteration in frequency when the 
temperature was varied 10° C., and tried to determine whether this 
coefficient was a. constant over the full Tange of temperature at which 
the heart would function, and also whether the temperature coefficient 
corresponded to the coefficient of a chemical or of a physical reaction. 
FlatowP) and SnyderW investigated the effect upon the isolated 
frog’s heart of alterations of temperature, and both found that the 
frequency was not a linear function of the temperature. Knowlton 
and-Starling(S) investigated the effect of alterations of temperature 
upon the isolated mammalian heart and found that the relation between 
frequency and temperature was a linear one, but they expressly stated 
that they considered that this relation was probably, accidental. 
Snyder(O) found a non-linear relationship between the frequency and 
the temperature in isolated hearts of cats and of dogs and Frank(i), 
who varied the temperature of intact rabbits and measured the fre- 
quency at different temperatures, obtained results which also show a 
non-linear relationship. 

The action of temperature upon the frequency of the frog's heart. I 
measured the effect of variations of the temperature upon the isolated 
heart of the frog by means of the perfusion apparatus shown in Fig. 1. 
The apparatus was submerged in a water bath; the temperature of the 
fluid passing through the heart could be easily fixed at any desired point. 
The average of six experiments upon the heart of Rana tempornria in 
winter in England, is shown in Fig. 2, curve I, and a sample protocol 
of an experiment is given in Table I. The curve agrees noth the results 
obtained by FlatowP) and Snyder(8) and shows that the frequency is 
not a linear function of the temperature. \ 
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Probably other substances sucb as adrenalin and histamine are often 
concerned in the action of serum or of tissue extracts upon isolated 
organs, but the mode of preparation of the serum derivatives used in 
the above experiments must have removed most of these substances. 

The action of the alcoholic extract of serum and of lecithin in 
stimulating plain muscle indicates that an alcoholic extract of any tissue 
is likely to cause stimulation of plain muscle, and that this general action 
must be carefully distinguished from the specific action of extracts of 
special glands such as pituitary extract. 
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During these experiments with ordinary Singer’s fluid I noted that 
the frequency and force of the hearts diminished rapidly when the 
temperature was raised to 30° C., and even when supplied with oxygon, 
and since Wcizsackcr(il) had shown that the oxygen consumption of 
the frog’s heart increased rapidly when the temperature was raised, it 
appeared possible that the hearts, at high temperatures, were poisoned 
by accumulation of acid products of metabolism around the cells. I 
therefore tried the effect of increasing the buffer action of the Ringer’s 
fluid by raising the concentration of the bicarbonate to 0-2 p.c. Un- 
fortunately this change also involved a change in the reaction of the per- 
fusion fluid, whenever oxygen was perfused through the inflowing fluid. 

I found that when ordinary Ringer (NaHC0 3 0 015 p.o.) was used 
and oxygen was bubbled through the fluid in the inflow cannula, the 
P n of the fluid entering the heart wns about 8-5, but that the Pji of 
the outflowing fluid was about 8-0, and therefore the P H of the fluid in 
contact with the heart was very near 8-0. But when oxygen wns passed 
through Ringer’s fluid containing -2 p.c. NaHC0 3 , the P H rose rapidly 
to between 9-0 and 9-5 and the P n of the outflow was about 9-0; so 
that the P H of the fluid in contact with the cells of the heart must 
have been over 9-0. 

The Ringer’s fluid with a NaHC0 3 content of 0-2 p.c. I shall term 
alkaline Ringer. AVhen alkaline Ringer was substituted for normal 
Ringer the rate of the heart was slightly increased at normal and sub- 
normal temperatures, but, when the temperature was raised above 
20° C., then this change produced a marked increase in the rate and 
also the heart maintained the frequency and force of its contractions 
much better at temperatures above 30° C. when perfused with alkaline 
Ringer. Table II shows a sample protocol of one experiment in which 
the heart of Rana temp, was perfused with alkaline Ringer and the 
temperature varied and Fig. 2, curve II, shows the average result ob- 
tained from seven experiments. 


Tarle II. R. temp, isolnted heart perfused with alkaline Ringer. 
(NaCI 0-45 %, KC1 0 014 %, CoCl, 0 012 %, XaHCO a 0-2 %, Pn -0 0 ) 


Time 

Temp. 

Rate 

Time 

Temp 

Rate 

10.5 

14 

30 

12.10 

12-8 

25 

10.25 

13 0 

20 

12.15 

21-0 

52 

10.55 

130 

20 

12.30 

210 

53 

10.50 

5 0 

12 

12.40 

29 5 

92 

10.55 

50 

11-1 

12.50 

29-5 

84 

11.15 

04 

0 

12.55 

21*2 

54 

11.50 

04 

58 

1.5 

21*2 

i. 

11.40 

0-4 

13-5 

2.25 

10*2 

5 

11.50 

0-4 

13 

2.47 

10*0 


12 0 

12 8 

25-5 





<U I \J 
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Fig. ]. 

Table I, 10.2.20. R. temp, isolated heart perfused with normal Ringer. 
(NaCl 0-65 %, KC1 0-014 %, CaCL 0-012 %, NaHCO, 0-02 %, P« -8-0.) 


Time 

Temp. 

Rate 

Time 

Temp. 

Rate 

10.45 

15-5 

30 

3.0 

30-0 

66 

11.55 

15-0 

30 

3.2 

30-0 

* 

12.30 

0-2 

3-2 

3.5 

30-0 

Auricle stopped 

12.40 

0-2 

^ 3-2 

3.15 

20-5 

40 

12.55 

4-8 

8-8 

3.20 

20-5 

40 

1.5 

4-8 

8-8 

3.40 

12-0 

10 

2.5 

20-0 

38 

3.50 

12-0 

10 

2.55 

20-0 

37 

5.20 

13-0 

22 


* Partial heart block and irregular auricular beat. 



Fig. 2. The three curves show that the relation between temperature and frequency is 
altered when the perfusion fluid is modified, and also that the relation is different in 
different species of amphibia. 
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around Cape Town and are never exposed to frost, and in hot weather 
they get into shady pools where the temperature probably never rises 
above 28° C. The isolated heart of the Plaat Anna was much more 
sensitive to cold than the heart of an English frog, for the lower limit 
of the activity of the former was 3° C., at which temperature it quickly 
ceased to contract, whereas the heart of Rana temp, beat regularly at 
0° C. and only ceased to heat between — 1° and — 2° C. The upper limit 
of activity was the same in both species namely 34° C., at which tem- 
perature the hearts ceased to beat after a few minutes. 

The action of temperature upon the frequency of the isolated mammalian 
auricle. I found that when I perfused isolated mammalian hearts with 
Ringer’s fluid it was extremely difficult to maintain a supply of oxygen 
sufficient to keep the heart beating with a regular frequency and force 
for more than about half an hour. I therefore employed instead of the 
whole heart the isolated auricles. ErlangerP) first described a method 
of investigating isolated mammalian auricles suspended in Ringer’s 
fluid, and the method I employed was similar to his. The auricles v'ere 
cut off from the ventricles and were suspended by the appendages in a 
bath of Ringer, through which a rapid stream of oxygen was passed. 
The apparatus used is shown in Fig. 3. 

It was immersed in a water bath. I found 
that under these conditions the auricles 
beat regularly and strongly for many 
hours, in one experiment for instance, 
after G hours the rate was 80 p.c. and 
the height of contraction 85 p.c. of the 
figures recorded at the commencement of 
the experiment. 

In order to maintain a regular beat it 
is essential to keep a strong current of 
oxygen passing through the fluid, any 
alteration in the oxygen supply immedi- 
ately affects the activity of the auricle: 
even the addition of non-oxygenated 
Ringer to the fluid around the auricles 
affects their beat,’ and therefore it is necessary to oxygenate the supply 
of Ringer thoroughly, and also to maintain a regular flow of fluid, for it 
is very difficult to ensure that the fresh Ringer entering the bath around 
the auricles is ns completely saturated with oxygon ns is the fluid 
already in the bath, through which a rapid current has been passing. 
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A third series of experiments was made at Cape Town using the heart 
of a local toad, the Plaat Anna or Plathander (Xenopus laavis); this was 
perfused with alkaline Einger. A sample protocol is shown in Table III 
and the average result of five experiments is shown in Fig.-2, curve III. 


Table III. 

Xenopus l*vis (Pfaat Anna), isolated heart perfused with alkaline Ringer. 

Height of ventricular Vol. 

contraction outnut 

. Time 

Temp. 

Rate 

(movement of 
lever in mm.) 

per beat 
in c.c. 

3.0 

16-0 

25 

10-5 

0-14 

3.35 

15-6 

19 

12-0 

0-19 

3.50 

15-6 

19 

12-0 

0-192 

4.5 

3 0 

1-7 

120 

0-42 

4.15 

2-8 

1-5 

110 

0-33 

4.45 

16-0 

21 

130 

0-21 

4.55 

160 

21 

12-0 

0-22 

5.5 

29-0 

54 

6-0 

0-093 

5.25 

29-0 

56 

6-0 

0-085 

5.45 

15-6 

25 

100 

0-17 

6.10 

15-6 

24 

9-0 

0-18 

6.45 

15-6 

28 

60 

0-15 


The three curves in Fig. 2 show firstly that, when one species of 
frog is used, the variations in frequency, observed when the temperature 
is altered, are different when the composition of the perfusion fluid is 
altered, and secondly that, when different species of amphibians are 
used, these variations in frequency are again different. 

As regards the mathematical relations of these curves it is evident 
that not one of the three curves is a straight line, and I was unable to 
find any simple logarithmic formula that would express the relation 
between frequency and temperature; moreover the temperature co- 
efficient for a rise of 10° C. is not a constant for any curve, and is different 
in each of the three curves. These, coefficients are shown in Table IV. 


Table IV. The coefficient of the increase of frequency of frog’s hearts for a rise of 
temperature of 10° C. {Q 10 )- The frequency of the heart at x° C. = Kx. 


1. 

R. temp. 

Perfusion fluid 
Ringer 

Xio’/xo' 

5-0 

K 15° /K 5’ 

3-1 

X207X10’ 

2-1 

K 257X15* K 307X20’ 
1-8 1-69 

2. 

R. temp. 

Alkaline R. 

3-7 

2-54 

2-27 

2-03 

1-DD 

3. 

Plaat Anna 

Alkaline R. 

— 

4-75 

3-1 

2-26 

1-74 


Since the relation between frequency and temperature is altered by 
varying the composition of the perfusion fluid and also is different for 
different species of amphibia, it appears to me to be of little use to 
attempt any exact mathematical analysis of this relation. 

The peculiarities shown by the heart of the Plaat Anna in its response 
to variations of temperature are of interest. These animals -live in water 
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of the frog’s heart were recorded. Ratio esculenta were used, and the 
methods employed for recording were nearly the same as those described 
by Mines(O). The effect of an increase of temperature upon the heart 
is shown in Tables V and VI. The alteration in temperature was ob- 
tained by altering the temperature of the fluid perfusing through the 
heart, but as it was necessary to expose the outside of the heart to the 
air, the temperatures recorded are only approximately correct. 



Fig. 6. Fig. 0. 


Fig. 6. Isolated heart of Xcnopus Ircvis perfused vrith alkaline Ringer. — • — Rato 
per minute. * - - o — Height of ventricular contraction in mm. (movement of heart, 
x 20). • — x— Volume output per beat, in cc., x 200. 

Fig. 0. Effect of alteration of temperature upon tho rate and tho height of contraction (in 
mm ) of tho isolated auricle of the rabbit. 

Table V shows that an increase in temperature causes an increase in 
frequency, a decrease in tbe force of contraction, a decrease in tho 
duration length of the electrical response of the ventricle, and a decrease 
in the length of the a-v interval. It is obvious however that these effects 
are of two kinds, firstly, the primary changes duo to the rise of tem- 
perature, and secondly, the secondary changes due to the alteration in 

Table V. Heart of R, esculenta perfused with normal Ringer. 

Height of 

raech&nical Duration Duration of Duration of 

response of interval electrical mechanical 

of ventricle between response of response of 

Dearth of (movement ol P and K waves ventricle ventricle 

Temp. cycle In secs. liver In ram.) In sec*. in sees. in lees. 

18 1-30 11 0-39 0 82 0 89 

24 0 05 9 0-29 0 70 0 00 

Table VT. Heart of R. temp, perfused with normal Ringer. 

Length of 

Length of mechanical tosponso 
Temp. Frequency a-t interval of ventricle 
13-5 20 — 1-3 

15 29 0-5 1-2 

18 37 0-38 1-2 

21 40 0-30 0 9 

24 68 0 22 0-80 

30 72 n r 
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_ ^ ^is apparatus I measured the effect upon the frequency and 
height of contraction of the isolated auricle of alterations of temperature, 
and the result of a typical experiment is shown in Fig. 4. This result 
resembles those obtained with the frog’s heart, the frequence was not a 
linear function of the temperature, nor was it a simple logarithmic 
function, moreover the coefficient of the alteration of the frequency for 


a rise of 10° C. ($ 10 ) was not constant, the coefficient ffi S en ? y afc 

frequency at 20 C. 

being 3-1 aod that of being 2-2. ' ‘ 



Fig. 4. Relation between temperature and frequency in the isolated auricle 

of the rabbit. 


The effect of alterations of temperature upon the different functions of 
the heart. Amsler and Pick(i) took mechanical records of the isolated 
frog’s heart at varying temperatures, and showed that an increase in 
temperature caused a marked diminution in the a~v interval; for instance 
they found that the a-v intervals at 17°, 25°, and 30° 0. were 0-32, 0-11 
and 0-05 seconds respectively. Seeman(7) took electrocardiographic 
measurements of the isolated frog’s heart at different temperatures and 
found that a rise of temperature caused a shortening of the P-R interval; 
moreover the tracings that he has published show that a rise of tem- 
perature caused a shortening of the duration of the electrical response 
of the ventricle. 

I measured the effect of variations of temperature upon the force of 
contraction of the isolated frog’s heart and the rabbit’s auricle. Fig. 5 
shows the effect of variations of temperature upon the rate, the height 
of contraction and the volume output per beat of the heart of the Plaat 
Anna. Fig. 6 shows the effect of alterations of temperature upon the 
rate and force of contraction of the auricle of the rabbit. 

With the help of Dr H. de B. Daly I made a series of experiments 
in which both the mechanical movements and the electrical movements 
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we found that a decrease in frequency below a certain figure caused 
a decrease in the force of contraction; this was probably due to the flow 
of fluid through the heart pet minute becoming too small to oxygenate 
the heart sufficiently when the frequency fell below a certain figure. 
The galvanometer that we used did not unfortunately give records of 
the rate of rise of the R wave sufficiently accurate for reliable com- 
parisons to be made. 

Table VII. Heart of R. csculenta perfused with normal Ringer. A Stannius ligature was 
applied to the heart, which was stimulated with secondary induction shocks at 
varying frequencies. Temp. 21° C. 


Length of 

11 eight ot 
Tentncular 

Duration of 
interval between 

Duration of 
electrical response 

Duration of 
mechanical 

contraction 

P and P waves 

of ventricle 

response of 

cycle in secs 

In nun 

in fees. 

In secs. 

ventricle in secs 

0-0 

20 

0-24 

1-32 

1-40 

2-07 

41 

0-28 

1-01 

1*33 

MB 

33 

0 34 

1 00 

0 90 


The effect of alterations of temperature when the frequency of the heart is 
kept constant. The effect of alterations of temperature, when the frequency 
is kept constant, upon the movements of the heart is shown in Fig. 8, 
and the effects of the same change upon the movements, and upon 
the electrical response, of the heart are shown in Table VIII; moreover 
a comparison of the different curves shown in Fig. 7 will show the 



Fig. $. Effect of alteration of temperature, u hen the frequency i. kept constant 
upon the heart of R. osculenta perfused with normal Ringer. 


Table VIII. Heart of R. esculcnta perfused with normal Ringer. A Stannius ligature wna 
applied to tho heart, w hich was stimulated 20 times a minute with secondary induction 
shocks. 



Height of 
ventricular 

Duration of 
interval between 

Duration of 
electrical re*po-.v 

Duration of 
mechanical revponw 

Temp. 

contraction in mm 

i* and li waves 

of ventricle 

of ventricle ^ 

17 

39 

0 GO sees. 

1*04 wcs. 

Id 

21 

41 

0 28 

1*01 

• w 

27 

rn. uv. 

07 

0*18 

( y 

- 
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frequency. In order to distinguish between these primary and secondary 
changes we made a series of experiments with hearts, to which a Stannius 
ligature had been applied, and which were stimulated at a constant rate 
by means of secondary induction shocks. 


The effect of alterations of frequency upon the functions of the heart.' 
A few experiments were first made to determine the effect of alterations 
of frequency at constant temperature. . u 

Mines(6) showed (i) that at a tempera- 

ture of 12° C., when the frequency was 

raised above 10 per minute, there / 

was a decrease in the duration of the * 

mechanical response of the ventricle, . y' / 

and (ii) that when the frequency was ‘ /' 

raised above 20 per minute there was “’ ,f ‘ ‘ 

a decrease in the force of mechanical 

contraction, an increase in the length 

of the P-R interval, and an increase T , J?' 

in the length of time taken for the '""to. 

rise of the R wave. He argued that / 

the alteration in the last-mentioned * 

measurement showed that an increase °* * * 

in frequency caused a diminution in 

the rate at which the wave of electrical ... 

excitation was propagated through the «' - *- — 

ventricle, and since an increase of fre- ... 

quency decreased the duration of the 


electrical response of the ventricle, 
therefore the increase in frequency 
must have diminished the length of the 
wave of electrical excitation. Mines 
concluded from these facts that an 
increase in frequency resulted in a 


Kg. 7. Effect of alteration of frequency 
at three different temperatures on 
the heart of R. esculenta perfused 
with normal Ringer. — 0— Height 
of contraction in mm. x 10. — x — 
Duration of mechanical response of 
ventricle in secs. — • — Duration 
of Or-v interval in secs. 


shortened wave of electrical excitation travelling at a reduced speed 


through the ventricle. 

The results obtained by us with the heart of R. esculenta in summer 
agree with the results of Mines, who worked with R. temp, in winter. 
The effects on the movements of the frog’s heart of alterations in 
frequency are shown in Fig. 7, and the effects upon the movements and 
on the electrical response are shown in Table VII. Our results agree 
exactly with the results obtained by Mines except that in some instances 
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oxygen consumption of the heart both at rest and when performing 
work: he showed that when the temperature was raised, and the fre- 
quency allowed to vary, the oxygen consumption increased very greatly, 
and that when the temperature was raised and the frequency kept 
constant, the oxygen consumption of the heart was again increased, 
although to a less extent than when the frequency was allowed to in- 
crease: his results also showed that when the temperature was raised 
and the frequency was allowed to vary, the oxygen consumption in- 
creased at a much greater rate than did the work done by the heart. 

The primary effects of a rise of temperature upon the frog’s heart 
are therefore (i) an increase in the frequency, (ii) an increase in the rate 
of conduction through the heart, (iii) an increase in the force of con- 
traction, and (iv) an increase in the rate of oxygen consumption. 


Table IX. Summary of the chances produced in the functions of the frog's heart by 
alterations in frequency and in temperature. 


(Temp, constant. Frequency 

I -j increased from 29 to 52 per 

Alteration In 
the height of 
the ventricular 
contraction 

-20 % 

Alteration in 
the rate of 
conduction from 
auricle to ventricle 

- 21 °/ 

Alteration in the 
duration of the 
electrical response 
of the ventricle 

,u to 

(Frequency constant. Temp, 

II ( increased from 17° to 21° 

+ 5 

+ 100 

-30 

( Temp, increased from 18° to 

I 24°. Frequency allowed to 
III i change spontaneously (fro- • 
j qucncy increased from 46 
\ to 63 pfcr minute) 

-20 

+• 25 

-15 


Summary. 




1. In both the frog and the rabbit, the frequency of the heart is not 
a linear function of the temperature, nor is it a simple logarithmic 
function. 

2. The relation hetween the frequency of the heart and the tem- 
perature is different in diflcrent species of amphibia, moreover in the 
same species of frog, this relation alters when the hydrogen ion con- 
centration of the perfusion fluid is altered. 

3. The effect of. a rise of temperature on the frog’s heart, when the 

frequency is kept constant, is to cause an increased force of contraction, 
an increased rate of conduction from auricle to ventricle, and a diminu- 
tion in the duration of the electrical response of the ventricle. , N 
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eSect of differences of temperature upon the mechanical functions of 
the heart at three different frequencies. 

These results show that when the frequency is kept constant an 
increase of temperature causes a slight increase in the force of contraction, 
a great decrease in the length of both the P-R and the a-v intervals, 
and a decrease in the duration of both the mechanical and the electrical 
response of the ventricle. A rise of temperature therefore causes an 
increase in the rate of conduction and an increase in the force of con- 
traction, which are the opposite effects to those produced by an increase 
in frequency: but both a rise in temperature and an increase in frequencv 
cause a diminution in the duration of the electrical response of the 
ventricle; but, whereas the increase of frequency was believed by Mines 
to produce this diminution in the duration of the ventricular response 
in consequence of a shortening of the length of the wave of electrical 
excitation, on the other hand, when the temperature is raised the increase 
in the rate of conduction may account for the diminution observed 
in tbe duration of the electrical response, and in this case there is no 
need to assume that the length of the wave of electrical excitation 
is altered. 

The effect of alteration of temperature when the frequency is allowed to 
vary. The results shown in Tables VI and AH were obtained with 
intact hearts, which were allowed to vary spontaneously when the 
temperature was altered. The effects produced by a rise of temperature 
under these conditions were a decrease in the rate of conduction, a 
decrease in the force of contraction, and a decrease in the duration of 
the electrical and mechanical responses of the ventricle. These changes 
represent the algebraic sum of the primary effects produced by a rise 
of temperature, and the secondary effects due to the consequent increase 
in frequency. Table IX summarises the effects produced when the tem- 
perature and frequency change separately, and also those produced 
when they change together. This table shows that a rise of temperature 
produces an increase in the force of contraction, but an increase in fre- 
quency produces a greater decrease, and therefore when temperature 
and frequency increase simultaneously the result is a decrease in the 
force of contraction; a rise of temperature produces a great increase in 
the rate of conduction and an increase of frequency produces a smaller 
decrease in this rate, and therefore when both vary simultaneously the 
rate of conduction is increased. 

The influence of a rise of temperature upon the metabolism of the 
frog’s heart has been studied by Weizsacker(ii), who measured the 



THE USE OF THERMIONIC VALVES WITH THE 
STRING GALVANOMETER. By I. de BURGH DALY 
(Beil Memorial Research Fellow) and IC. E. SHELLSHEAR. 

( From the Institute of Physiology, University College.) 

Experience with thermionic valves used with wireless apparatus led to 
the belief that small physiological currents which were not detectable 
by present methods might be amplified by means of these valves and 
recorded. A galvanometer capable of recording quick changes of 
potential with accuracy must of necessity be less sensitive than one 
which can only record slow changes of potential, as sensitivity has to 
be sacrificed to aperiodicity; it would be an advantage if quick changes 
of low potential could be magnified so that the relatively insensitive 
aperiodic galvanometer would he capable of recording them. 

The research aimed at the amplification of both quick and slow 
changes of potential without distortion of the final curves due to the 
inertia of the magnifying circuit and the recording instrument. Pre- 
liminary experiments were made with transformers and balancing 
batteries in circuit with the valves but were abandoned owing to the 
error introduced by the periodicity of the apparatus. The circuit eventu- 
ally used was one devised by Dr AV. H. Eccles(i); it consists of a valve 
placed in one arm of a AVheatstonc’s Bridge and is practically aperiodic. 
Professor Starling pointed out the advantages of this method over the 
others we had tried and up to the present it has given the best results. 

During the research Forbes and ThacherP,3) published a pre- 
liminary communication on the use of tbc'thermionic valve in magnify- 
ing the action currents of the nervous system and later a full report on 
the same subject. AVc encountered some of the difficulties which they 
described and therefore shall only briefly refer to them in this paper. 

A comparison of the normal and magnified electrocardiograms was 
taken as a criterion of the aperiodicity of the circuit although it was 
recognised that magnification-of the electrocardiogram ipse se would not 
lead to any useful information. Three valves in cascade were necessary 
to give a convenient amplification; the relative string excursions with 
only two valves have been shown in a pi " > . *. wation (I). 
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4. The effect of a rise of temperature upon the frog’s heart when 
the frequency is allowed to vary is to cause a diminution in the force of 
contraction, an increase in the rate of conduction from auricle to ven- 
tricle, and a diminution in the duration of the electrical response of the 
ventricle. 

5. The effect of a rise of temperature upon the isolated rabbit’s 
auricle, when the frequency is allowed to vary, is to cause a diminution 
in the force of contraction. 
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Magnification of the Electrocardiogram. 

In order to compare the amplification of the valve electrocardiogram 
with the normal we have taken both records with the same string ten- 
sion. The large deflection resulting from the magnification rendered a 
high string tension necessary otherwise the record would not he small 
enough to be measured on the plate. 

In all the figures small oscillations superimposed on the heart varia- 
tions are evident. 

A normal and amplified frog’s electrocardiogram is seen in Fig. 1 A, 
B, the magnification is approximately twenty times and details of the 
circuit are given below the figure. 



Fig. 1. A. Frog’s electrocardiogram with mechanical record of auricle and ventricle. 
•2 cm. x | 1 millivolt. It. Magnification with threo V. 24 valves. Filament voltages, 

5 8. Plate voltages of valves 1, 2 and 2 equal 42, 50 and G2 respectively. Fight 
mains switched on. String tension same as in .4. It is inverted in It owing to tl>° grid 
input being placed on tho wrong electrode. 


The curves in Fig. 2 were taken to compare the form of the normal 
and amplified string excursions. The string tension in Fig. 2 B was in- 
creased in order to reduce the size of the deflection. The valve curves 
appear to he a faithful reproduction of the normal with the exception 
that the smaller oscillations are present. 

The cause of the smaller oscillations on the. magnified electrocardiograms ^ 
Forbes and Thaeher found that electromagnetic waves from , , ■ 
tus in the vicinity of the valves produced small string oscillations- 
have met with the same trouble but do not find-thc valve v 
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The circuit. A diagram of this has been given in our preliminary 
communication. It consists of a valve placed in one arm of a Wheat- 
stone’s Bridge, the other arms having non-inductive resistances of ap- 
proximately 30,000 ohms, the exact resistance being determined by the 
type of valve used. The valve acts as a resistance amplifier, changes of 
grid potential alter the resistance of the valve and therefore the p.d. 
across the output terminals. The input terminals are connected to the 
non-polarisable electrodes and the output to the string galvanometer 
switchboard which was of standard type supplied by the Cambridge 
and Paul Scientific Instrument Company. 

The string galvanometer was of the Edelmann pattern with a Cam- 
bridge fibre case attached. The electromagnets took 12 volts, 4-3 amp feres 
and the string magnification was 400, the period bding less than '02 
sec. Marconi V. 24 and French valves were used. 

The method we have adopted in balancing the bridge is to keep the 
filament and grid voltages constant and to vary the plate voltage until 
the resistance of the valve is such that no current flows through the 
string. When three valves in cascade were used we balanced each bridge 
successively commencing with the one connected to the string galvano- 
meter. The details of each circuit are given below the curves. As acci- 
dents to the string were frequent in spite of the string shunts being used 
we connected a milliammeter by a double pole change-over switch to the 
output terminals; this facilitated the balancing and saved the string 
from breakage during the preliminary operations. 

When the valves are connected to the galvanometer switchboard the 
potentiometer will not as a rule be found to have a wide enough range 
to compensate for the skin current and any small current flowing due to 
the bridges being slightly out of balance; this is especially liable to 
occur if the system is adjusted before connecting up the tissue to be 
examined to the input terminals. To overcome this difficulty we have 
added a potentiometer in circuit with one of the non-polarisable elec- 
trodes and a resistance for varying the filament brilliancy of No. 1 valve. 
The resistance of No.* 1 valve will vary according to the resistance of the 
tissue in the grid circuit, i.e. the tissue connected to the input terminals, 
it is therefore advisable to place a resistance approximating to that of 
the tissue in the grid circuit before adjusting. The valves should be 
allowed to warm up for at least five minutes before attempting a 
balance. 
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We wish to express our thanks to Dr W. H. Eocles for kindly 
interesting himself in the research and advising us on the circuit, also 
to Professor Bayliss for many helpful suggestions. 

Summary. 

The use of thermionic valves with the string galvanometer in ob- 
taining magnified electrical variations is discussed. 

An aperiodic circuit devised by Dr Ecclcs consisting of a valve 
placed in one arm of Wheatstone’s Bridge has been shown to give good 
results. 

The difficulties met with in adjusting and maintaining a balance, of 
the circuit, and avoiding oscillations due to outside electrical disturb- 
ances, are described. 
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Bridge circuit so sensitive to these disturbances as transformer and con- 
denser circuits. Vibration and sound waves to a lesser extent affected 
tbe valves; the effectof the former has been almost completely nullified 
by mounting the valves on rubber. It was found' that a very small dis- 
turbance of the galvanometer table would set up vibrations of the 
string undetectable in the ordinary way but very much magnified when 
the valves -were connected. The magnification of these small string 
oscillations was due to the property of reactance of the valve circuit. 



Fie. 2. A. Froe's normal electrocardiogram. B. Frog’s electrocardiogram magnified by 

three V. 24 valves. String tension greater than in A. Light mains switched off. 

The majority of the smaller string excursions seen in the curves 
appear to be caused by the variations of the D.c.'in the lighting mains; 
the effect is seen in Fig. 1 B as compared with Fig. 2 B, when the 
electric light was switched off at the main. The variations in the D.c. 
supply were sufficient to cause a telephone connected to the valves to 
howl and on switching off the main liglit switch the howl disappeared. 
In Fig. 2 B the oscillations are relatively much smaller and are probably 
due to the heat and power circuits which had to remain on at the time 
the curve was taken; they were insufficient however to produce a howl 
in the telephones. 

We believe that the circuit described above is of physiological value 
in that it may detect and magnify quick or slow changes of potential 
without distortion of the final curves, provided that the smaller oscilla- 
tions due to extraneous electrical disturbances are avoided. With im- 
proved apparatus we hope to get rid of all outside electrical effects. 
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were in fact generally quite indifferent as to whether they breathed air 
or oxygen. 

A long series of experiments was then commenced in which Martin’s 
ergometer was principally used as the means of measuring the rate of 
exertion, and in which a quantitative and qualitative examination was 
made with subjects of various physique and training breathing air and 
oxygen. Thanhs to the hindness of the Superintendents of Physical and 
Bayonet Training, Scottish Command and Aldershot, several soldiers 
specialising in different branches of athletics were included in the tests. 

Subsequently, when it had become cleaT that the fitness of a subject 
could be measured by contrasting his respiratory performance when 
breathing normal air, and when breathing enriched air, the Army 
Council, acting upon the recommendation of Colonel Sir William 
Horrochs, K.C.B., and Lt.-Coloncl E. P. Cathcart of the Army 
Medical Department, set up a Physical Test Station at which, up to 
the Armistice, the new method was applied for the examination of men 
sent in from 1 units under the Scottish Command. 

Apparatus and Methods. 

The ergometer experiments were carried out in the Heriot-Wntt 
College, Edinburgh, with Martin’s ergometer (l). During the experiments 
a pendulum, hanging in front of the subject as he sat in the saddle, 
provided the means of timing the rate of revolution of the pedals 1 . 
A rate of OG revs, per min. was adopted throughout. At that speed, 
and with the gear-ratio of the particular cycle employed, the power 
expended, in foot-pounds per min., waB ascertained by multiplying the 
difference .Of the halance-rcadings, in pounds, by one-tliousand. 

Meters. Two Milne dry meters were used. In each of them one 
revolution of the 8 ins. pointer indicated the passage of one cubic foot 
of gas. The dials were marked off in hundredths of a cubic foot. The 
meters were tested against displacement from time to time. The baro- 
metric pressure, temperature and hygrometric state of the gns being 
metered were kept under observation. 

Douglas bag and sampling apparatus. A GO litre wedge-shaped hag 
was used to collect expired air. The bag, which is part of the Dougins 
respiration apparatus P), is provided with a 3-vay aluminium stop-cock 
which allows of the expired air being either discharged direct to the 
atmosphere (“off" position) or into the bag (“on” position). A small 

1 Ftjr long-continued pedalling the pendulum is preferable to the metronome for this 
purpose; it is less trying to the nerves. 
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The experiments discussed in this paper were carried out during the 
research on mine rescue apparatus which was instituted in 1917 hy the 
Scientific and Industrial Research Department 1 . Their aim at first was 
limited to that of determining the oxygen consumption of persons engag- 
ing in different kinds of physical work, and with that object in view, 
a few tests were made by Dr J. S. Haldane and the writer on miners 
climbing inclines in the Newbattle and Lingerwood collieries, Midlothian; 
these were shortly afterwards supplemented by other tests on the same 
men in which weights were lifted and certain of the common tasks of the 
miner were performed. During the early trials the men breathed ordinary 
air; but as the wearer of a mine rescue apparatus has to breathe air 
highly enriched with oxygen it was judged necessary to study the 
influence of such air on a person’s capacity for physical work. It had 
been a matter of experience to the members of the research committee 
that they could perform work with greater eas.e and comfort while 
wearing a rescue apparatus in good order, and thus obtaining air con- 
taining 70 or 80 p.c. of oxygen, than under normal conditions. The 
writer, for example, can climb a mountain faster and with less fatigue 
when using an efficient mine rescue apparatus than without it, not- 
withstanding that the apparatus weighs, in its latest form, about 30 lbs. 
It was observed that an increased oxygen proportion in the air inhaled 
was uniformly helpful with persons of sedentary habits, but that when 
working miners were tested little or no such benefit was derived; they 

1 The research committee consists of Mr William Walker, C.B.E., H.M. Chiof 
Inspector of Minos (Chairman), Dr J. S. Haldane, F.R.S. and tho writer. Summaries of 
these experiments have boon published in tho writer’s paper on “Fitness and Breathing 
during Exertion,” this Journal, 53, Proc Physiol. Soc. p, xxxviii, 1919, and in tho Second 
Report of tho Mine Rescue Apparatus Research Committee, 1920. 
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noiselessness. When a valve makes a distinctive noise the subject’s 
attention is apt to be directed to his own breathing, and the test may 
be vitiated thereby. The tubes leading to and from the mouthpiece were 
of one inch bore, — a size sufficient to reduce their resistance to negligible 
magnitude even with hard panting. 



wui'JllXi-: 


Fig. 1. Mueller Water Valve. 



I 


Fig. 2. Rosling Valve, shut ami open. 


Sampling lube for alveolar air. A number of samples of alveolar air 
were taken while certain of the subjects were pedalling the ergometer. 
Essentially, the apparatus used for this purpose was that described by 
Haldane and Priestlcy(3); it consists of a long tube through which 
the subject can empty his lungs suddenly. To avoid the subject having 
to close the end of the tube with his tongue after such an expiratio'n, 
as was done in Haldane’s and Priestley’s experiments, a wide-bore 
tap was fitted at that end; on this being closed the man could replace 
the rubber mouthpiece (which for the moment he had withdrawn) and 
continue working, leaving the expeiimenter to draw out from behind 
the tap a small sample of air for analysis. With the quickened breathing 
incident to physical work, it was not possible to get alveolar air samples 
after inspiration and after expiration as may be done under rest con- 
ditions. Most of the experiments were on men altogether strange to 
scientific methods; few were sufficiently trustworthy when it came ’to 
the difficult operation of providing a reliable alveolar sample 
doing hard work. 
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rubber tube connected to the bag enables samples of the contents to 
be drawn off for analysis. At first glass sampling tubes with taps at 
each end were used for this purpose, but they were soon abandoned in 
favour of small well-stoppered bottles, filled over a mercury trough 
- In the large numbers required the bottles were handier, simpler to use, 
less costly and much more easily replaced in case of breakage. A further 
simplification in taking samples for analysis was introduced at the Test 
Station. 

Oxygen cylinders and reservoir bag . When the subject was breathing 
oxygen the gas was supplied from a 100 ft. cylinder fitted with a reducing 
valve. The oxygen discharged from the valve into a reservoir bag. At 
first the subjects complained of parching of the throat when breathing 
oxygen; the trouble was removed by causing the gas to bubble through 
water before entering the reservoir. The latter was kept about three 
parts distended during a “run.” Over-distension was carefully avoided, 
as with excess of pressure in the reservoir bag it became possible for 
the gas to push open both breathing valves and to discharge direct 
into the Douglas bag. 

Mouthpiece, valves and tubes. The subject used a rescue-apparatus 
mouthpiece of rubber which fitted over one limb of a metal T-piece. 
The nose was closed by a clip. The air was directed to and from the 
mouthpiece by inspiratory and expiratory valves. Various valves were 
tried, the most successful being the Mueller water valve (Fig. 1) and 
the Rosling valve (Fig. 2). A Mueller valve of the dimensions indicated 
in Fig. 1 allows of the heavy breathing of severe exertion without in- 
troducing a degree of resistance appreciable to most persons. 

The Rosling valve, adopted towards the end of the war for Army 
anti-gas purposes, is very free from resistance and low in slip. While 
Mueller’s is only serviceable for a stationary subject in the laboratory, 
Rosling’s is equally useful in the laboratory qnd in testing men marching 
or climbing in the open or in the mine. Unlike the mica disc valve so 
frequently used in respiration experiments, it functions properly in any 
position. The valve is of rubber. A thin square of rubber, held by the 
corners, closes upon the flanged end of the tubular part of the valve 
(Fig. 2, left-hand view) and flexes away from it when allowing air to 
pass through (Fig. 2, right-hand view). The valve here illustrated was 
made for the writer by the Isleworth Rubber Company and adopted 
in the Briggs Mine Rescue Apparatus. Its resistance to a flow of 85 litres 
(3 c.ft.) of air per minute is 0-35 in. of water column, and its slip is 
quite negligible. A not unimportant feature of the rubber valve is its 
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the spells of work as the loads increased. The preliminary interval of 
two minutes’ pedalling was strictly observed, except for the highest 
loads, such as 12,000 or 14,000 ft. lbs. per min., which are beyond the 
capacity of even the strongest men to sustain for long. With excessive 
loads the preliminary interval had perforce to be shortened, though it 
was never allowed to be under one minute. The reduction of that 
interval, however, makes the determination of oxygen-consumption, etc., 
on the highest loads less reliable than those on more moderate rates of 
work, a feature which receives further consideration below. 

After making a series of measurements with the man breathing air, 
an exactly similar series was made when breathing oxygen. Before 
commencing the latter the subject was required to breathe oxygen for 
at least ten minutes to expel the greater part of the nitrogen dissolved 
in the blood. The interval between the air and oxygen tests was usually 
some hours; on several occasions the two series were carried out on 
different days. In the cases of several of those tested at the College, aiid 
of nearly all those tried at the Test Station, no information was given 
to the subject as to whether he was breathing oxygen or air. It was 
thought best not to give a loophole for the prejudice, which is still 
curiously strong, against breathing oxygen for a few hours. 

After a few test^ with a simple pneumograph it was abandoned. 
As has been stated, the rate of breathing was ascertained by watching 
the pointer ol the meter on the inspiration Bide, and as the meter had 
its back to the subject he was generally unaware that any notice was 
being taken of his breathing. 

Ergometer Tests. 

Figs. 3 to 14 (see end of this Paper) are typical graphed records of 
subjects undertaking work on the •ergometer in the manner described. 
The small circles on the charts indicate values obtained when the men 
were breathing normal air and the crosses those obtained when breathing 
oxygen; the more-or-less smoothed “air” curves are drawn in full lines 
and the “oxygon” curves in dotted lines. The output of C0 2 and the 
oxygen consumption are set out in litres per minute of dry gas at N.T.P- 
The volume ventilating the lungs is given in litres of saturated air or 
oxygen at blood temperature and normal pressure, expired per minute. 
The oxygen consumed was computed from the respiratory quotient ni'd 
the CO 2 output. 

The determination of the R.Q. by gas-analysis depends the 
assumption that the mass of nitrogen inhaled is the same as,*' 
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Gas-analysis apparatus. In the main set of experiments, in which, 
both oxygen and carbon dioxide were determined in each sample of 
expired air, the Haldane gas-analysis apparatus (4) was used. At the 
Test Station, where the routine was simplified and only C0 2 ascertained, 
the Briggs’ apparatus (5) was adopted. 

Manner of conducting experiments. A number of preliminary trials 
were carried out in order to settle such matters as the rest period needed 
between spells of work on the ergometer, and the length of time work 
must continue before the breathing becomes sufficiently en rapport with 
the exertion to permit of reliable observations being made. After that, 
a regular routine, based on Douglas’ method, soon evolved, and the 
few changes subsequently made were merely to simplify the apparatus 
and connections and to improve the valves. This routine was as follows: 
The subject, seated at rest on the saddle of the ergometer and fitted 
with the noseclip and mouthpiece attachment, inhaled air from the 
room, drawing it through one of the Milne meters. The Douglas bag 
(now empty) was connected to the exhalation tube with the 3-way cock 
in the “off” position to allow the products of respiration to escape into 
the room. When he had become accustomed to his position the cock 
was turned “on” at the end of an inspiration and the expired air began 
to enter the bag. A stop watch was started at the moment of turning 
the cock, and the number of inspirations was counted by watching the 
movement of the pointer of the meter. After about two minutes had 
elapsed, and again at the end of an inspiration, the tap was turned 
“off,” and the watch stopped. The bag was kneaded and one or more 
samples drawn from it. The volume in the bag was then measured by 
emptying the bag through the second meter. The necessary thermometer 
and hygrometer readings were taken. From these measurements and 
the time interval the volume exhaled per minute was calculated. The 
meter on the inspiration side enabled the quantity drawn into the lungs 
to be evaluated direct. Owing to the jerky action of the latter meter 
this determination did not reach the same degree of accuracy as that 
of the volume of exhaled air from the Douglas bag, but it was useful as 
a safeguard against gross error. 

The second set of readings and samples were taken when the subject 
was pedalling with the belt off, i.e. when he was doing no external work. 
The 1 same routine was followed, the man being required to- pedal at the 
rate of 56 revs, per min. for at least two minutes before commencing 
to collect the expired air. After this, similar records were obtained with 
gradually increasing loads. Longer rest intervals were allowed between 
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observations it does not affect the general results, since a large number 
of men were tested, and whenever doubt was felt in regard to the re- 
liability of a set of measurements the test was repeated on another day. 

Normal and overload. Every-day experience proves that a muscular 
performance is easier when one is in “ good condition.” Equally common- 
place are the facts that no task involving external work, not even th e 
lightest, can bo continued indefinitely without pause, and that the 
heavier the work the shorter the time it can be sustained. There ure, 
however, certain lesser degrees of exertion (for instance walking or 
cycling at a moderate pace on a flat road) which, by the ease with which 
they can be kept up for hours on end, may be referred to, in electrical 
engineers’ phraseology as “normal loads”; while other and heavier 
tasks ( e.g . hard bayonet exercise or running quickly upstairs) ate bc ar_ 
able for a limited period only and may be termed “overloads.” What 
may be an overload to one peison is a normal load to another wh° 1S 
stronger, or who is in better training or more habituated to the par- 
ticular kind of labour. Again, a normal load when a person is fit iPay 
prove to be an overload when he is unfit; and, as has been remarked, 
even a light normal load if long supported without rest will eventually 
become an overload. Evidently, then, the whereabouts of the line 
demarcating between a normal and an overload for any individual 
depends on his condition at the timet it he ia getting, tired^ it is moving, 
down the scale of exertion; if resting, it is moving up. 

Oxygen supply and carbon dioxide output during work. An important 
difference between what we here term the normal load and the overload 
lies in their effect on the respiration after stopping the exertion. When 
one ceases an easy normal load like walking at 3 m.p.h. along a fiat 
road, the breathing quickly adjusts itself to the resting state: the after- 
effect in a healthy person is nil. The influence of a severe overload is 
in marked contrast to this; when the work is stopped heavy breathing 
continues; the lung-ventilation falls to normal only after a pefi°d 
which, in the case of a hard spell of work, may be many hours. In the 
first instance the oxygen intake was adequate; in the second it was 
not. Essentially, then, a normal load may be defined as one during the 
performance of which the oxygen supply ia sufficient, and an overload 
one during which it is insufficient to satisfy in full the demands of the 
working muscles. 

It is obvious that the supply of oxygen to the tissues may be •’ ■* 
either in consequence of insufficient absorption in the lungs or inaik 
circulation. Instances in which distress is produced, by the , 
rn. ltv. “ k 
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of nitrogen exhaled. The nitrogen, in fact, serves here as a measure or 
standard against which variations in oxygen are gauged. Evidently 
such a process will he more accurate when the nitrogen, as in ordinary 
air, exceeds the oxygen in volume: i.e. when the smaller is gauged by 
the greater. It will be less accurate when the nitrogen proportion is 
much lower than that of oxygen, as when cylinder oxygen is breathed, 
for then the greater is gauged by the lesser. As might therefore be 
■expected, oxygen consumptions, calculated in the manner indicated, 
from measurements made when breathing cylinder oxygen, had a 
relatively high probable error. Another method of evaluating oxygen 
consumption was, however, applicable, owing to the volumes inhaled 
and exhaled being separately measured ; and in case of doubt this second 
method was used as a check. It consists of finding (a) the volume of 
oxygen entering the lungs per minute (from the volume of enriched air 
inhaled and the proportion of oxygen in that inhaled gas); (6) the volume 
of oxygen leaving the lungs per minute (from the volume expired per 
minute and the proportion of oxygen in the expired air), when the 
difference (a) — ( b ) gives the required result. 

Towards the end of the main series of experiments it was found that, 
even in a subject of low fitness, no advantage was to be secured by 
increasing the percentage of oxygen above 60. Had that fact been 
known earlier, the work would have been facilitated by using a mixture 
containing 60 p.c. oxygen and 40 p.c. nitrogen in place of cylinder 
oxygen; the higher proportion of nitrogen which would then have been 
available would have reduced the probable error of the oxygen con- 
sumption determinations on enriched air. At the Physical Test Station 
67 p.c. of oxygen was used instead of cylinder oxygen. 

It has sometimes been advanced as a drawback to the Douglas 
method that the sample of exhaled air collected in the bag is obtained 
over too short a period. For work of the character now being con- 
sidered, however, the criticism would not appear to have much weight. 
If elementary precautions are taken, such as that of opening and closing 
the bag at the same stage in the breathing (e.g. at the end of inspiration), 
the shortness of the period of collecting the expired air is not a matter 
of consequence; of much greater importance is the length of the pre- 
liminary period during which the man is required to work before the 
expired air is allowed to enter the bag. This should be uniform and 
adequate. 

It was not practicable to put the subjects on a definite dietary. 
While this increased the degree of uncertainty of any single pair of 
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region of the crest load) is not usually serious, the subject can support 
such rates of exertion for a considerable time. In other words, though 
there is. in the charts good evidence that the call for oxygen by the 
working muscles becomes (either per se or through the agency of luetic 
acid) a partner in respiratory control even on relatively light exertion, 
the demand appears to he satisfactorily met until the rate of work is 
increased up to, or nearly up to, what is here termed the “crest load.” 

Stamina. Stamina is taken to mean the power of supporting con- 
tinuous exertion. It will be apparent that the higher the “crest load” 
the larger will be the range of loads which can be dealt with without 
oxygen-waut bringing the exercise to an end. A given rate of work 
may be a normal load to one man whose “crest load” is high and an 
overload to another whose "crest load” is low. Thus the crest load (the 
abscissal position of the crest of the dome of the exhaled-C0 2 -percentage 
curve) becomes a measure of the stamina for the particular kind of 
work in question. 

In every case but one (Subject VIII) the crest load was higher 
(i.e. the crest was further to the right) when breathing oxygen than 
when breathing air. In most cases, that is to say, the boundary between 
normal and overload moves up the scale, and the subject’s capacity 
for sustained exertion is improved, as the partial pressure of oxygen in 
the inhaled air, and, therefore, in the alveolar air, is increased. The lower 
the person’s fitness the greater the improvement brought about. 

Alveolar C0 2 during the -accelerative period. As has already been 
stated, a rate of work like 12,000 ft. lbs. per min. was too heavy to be 
kept up long by any of the men tested, and on such loads it was not 
possible to wait the usual two minutes before taking the samples and 
readings. The result was that on the heaviest loads, the latter were 
taken during the accelerative period. In some instances (Subjects II, 
III, IX, XIII, XV) alveolar samples were obtained during that period, 
and the COj-percentagcs are shown on the graphs. They will be sech to 
be unusually high; indeed with Subject XIII, breathing air, the record 
figure of 101 p.c. is reached. The matter lay outside the scope of the 
research and was not pursued further; but it would seem questionable 
whether these high C0 2 tensions are possible in the alveolar air. without 
active excretion of CO. on the part of the lung-epithelium. 

Fitness and cxpircd-CO : -pcrccntnge. The graphs may nowbe examined 
with a view to ascertaining the influence of fitness on respirab 
haviour. 

The hich level of the CO.-nerccntncc in the air ' 
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oxygenation of the blood failing to keep pace with the muscular demands, 
though the circulation may be sufficient, are of great practical interest. 
They include the case of the poison-gas patient, where exudation and 
thickening of the epithelial layer of the lungs make oxygen-penetration 
difficult; the case of the high-flying airman, where the low partial 
pressure of oxygen prevents proper oxygenation of the blood, and that 
of the so-called D.A.H. patient, where the shallowness of the. breathing 
impairs the transfer of oxygen to the blood by insufficient exposure of 
epithelial area to freshly indrawn air (6). 

A glance at the accompanying charts will show that when hard 
muscular vsork is being done the consumption of oxygen may rise to 
more than ten times the resting value. In tbe muscles at work there 
must be a much greater proportional increase of consumption, and such 
an increase can only be secured by an enormous addition to the blood 
circulation through those muscles. Failure to supply the additional 
blood, whether due to defects in blood-distribution or to cardiac effi- 
ciency, must, therefore, bring about local anoxaemia in the muscles, 
resulting in a cessation or reduction of the exertion. {„ 

Now it is known that, when muscles are insufficiently supplied with 
oxygen, lactic acid is formed; indeed -that when an extreme overload is 
attempted, such as running quickly up several flights of stairs, the 
blood is at once flooded with lactic acid. The highly stimulative influence 
of lactic acid upon the respiratory centre and the relatively slow rate 
at which it disappears from the blood are also well known. The formation 
of this acid would therefore appear sufficient to account for the falling 
off of the percentage of C0 2 in the expired air which (as the curves show) 
is the invariable rule when the load is increased beyond a certain amount, 
and would also partly explain the long-continued enhanced breathing 
after the cessation of a heavy overload. 

Since the appearance of lactic acid in the blood is a sure sign of 
overload, and since that appearance is characterised by a fall in the 
proportion of C0 2 expired, the writer feels justified in taking the rate 
of work corresponding to the maximal C0 2 proportion in the expired air 
as the boundary between an overload and a normal load, while breathing 
air or oxygen as the case may be. This boundary, it will be understood, 
can only be a rough one. Nor is it a stable one; fatigue moves it down 
the scale. Again, the fact that in most cases (e.g. Fig. 4) the expired- 
C0 2 -percentage curve gradually flattens as the crest of the dome is 
approached, appears to denote the onset of oxygen-want before the 
“ erest-load ” is reached; but since that influence (except in the immediate 
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The assumption underlying tliis mode of expressing fitness is two- 
fold: first, there is, as basis, the conception of zero fitness as being the 
state in which the CO,-curve on air falls away from the Y-axis, or, in 
other words, in which the crest lies on that axis at a point coincident 
with the resting value of the C0 2 -percentage. That is to say, zero fitness 
is regarded as the condition in which the slightest load is an overload 
and where oxygen want becomes serious when the least exertion is 
attempted. Secondly, there is the assumption that breathing oxygen 
raises fitness (as regards the lungs) to 100 p.c. The first point will be 
readily conceded; as to the second, the evidence appears conclusive. 
Subject III was tested on occasions several months apart; the first 
time he was in low health and his fitness factor was 44 p.c.; the second 
time he was well and the factor had risen to 80 p.c. ; but the C0 2 curve 
on oxygen was substantially the same in each case. Subject XIII was 
frequently tested over a period of six months. At first he was in normal 
health and had a fitness of 70 p.c. He was then sent to Aldershot for 
the final course of training for sergeant-instructors in physical drill and 
returned to Edinburgh, in the "pink” of condition, for further test 
after being a fortnight at Aldershot. It was then found that while the 
“oxygen” curve was substantially as before, the “air” curve had risen 
to meet it, and that, indeed, the two curves agreed up to the crest. 
In other words, fitness had become 100 p.c. Some time after, XIII was 
transferred back to Scotland under medical orders; he had become 
very “stale” and run down. He was again tested and found to have a 
fitness of Oo p.c.; but, as before, the change was evidenced by a move- 
ment of the “air” curve only. 

It is to be observed from the results that, when an overload is being 
dealt with, even the fittest men derive some assistance from breathing 
enriched air, while the unfit benefit to a still greater extent. An overload 
to a relatively unfit person breathing ordinary air may become n normal 
load when ho breathes, say, 70 p.c. oxygen. A man getting fatigued 
while supporting what was at first a normal load but which has now 
become an overload, no matter how fit he may be, is relieved by breathing 
enriched air, — an effect which has been remarked by other observers. 
Conversely, heavy work can be accomplished with less fatigue when 
respiring oxygenated air continuously from the commencement. 

The method of measuring fitness described above involves the 
assumption that lung-fitness indicates general physicnl fitness. Such 
appears actually to be the case if an exception be allowed in the instSnce 

of persons inured to living at a high altitude; in those cirm-m ' 
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persons doing work is perhaps the first feature to attract attention. It 
is a usual but not an invariable attribute of the fit man that he can 
stand a higher C0 2 and a lower oxygen percentage in the alveolar air 
than the unfit man performing the same task: he makes more use of 
the air he inhales and therefore requires less of it.' Thus, in contrasting 
the very striking athletic subject XIII (condition (A). Fig. 10) with the 
sedentary subject II (Fig. 4) when both are breathing normal air. the 
maximal C'0 2 percentage in the former case is seen to be 8-1 and in the 
latter case 4-7. and. although the heavier man. XIII can work the 
ergometer on a lung-ventilation of less than half that required by II. 
The highest C0 2 and lowest oxygen proportions were recorded in the 
case of those to whom slow, deep breathing is habitual during physical 
exercise. While working at the rate of 6000 ft. lbs. per ruin., for example, 
II breathed 24 times per min., while two unusually deep breathers. 
Xos. XIII and TUI, respired 8 times and 12 times per min. respectively 
on that load. That the correspondence of high fitness and a high C0 2 
level is not invariable is shown by a subject (graphs not reproduced), 
a very fit young athlete, whose expired-C0 2 -percentage reached a 
maximum of only 4-8 when breathing oxygen. 

Fitness measurement. Perhaps the most interesting and useful of 
the results obtained follows from a comparison of the curves, of exhaled- 
C0 2 -percentage when the subject breathes air and when the subject 
breathes oxygen. In the case of a relatively unfit man, such as II, these 
curves diverge: but in that of Till (Fig. 8) — an army instructor in 
physical drill selected for experiment by the Scottish Command as 
representing physically the best the Army can produce — the curves 
are almost coincident and their crests actually coincide. Observations 
on many subjects have warranted the conclusion that fitness is inversely 
as the degree of divergence of the two C0 2 curves. The most convenient- 
manner of evaluating fitness proved to be the following: having drawn 
the two contrasting curves (work done, abscissas: C0 2 percentages, 
ordinates) the expired-C0 2 -percentage. with the subject at rest and 
breathing normal air, was marked by an arrow-head on the Y-axis of 
the graph. A horizontal line having then been struck across the chart 
through the arrow-head, the vertical distances between that line and 
the crests of the “air" and “oxygen" curves were measured on. The 
fitness factor was then taken to be the first of these distances divided 
by the second. By this method the fitness of Subject II was 46 p.c. 
and that of 1X11 was 100 p.c. The factors for the other selected subjects 
are stated in the Appendix (p. 311). 
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Once these cells are regarded, so to speak, as oxygen pumps which can 
he set going when required, the experimental results described above 
become intelligible Practice or training facilitates the oxv genation of 
the blood by improv ing the cells’ pov, er of secretion In the fittest men, 
no benefit is derived during normal load from breathing enriched air, 
since the) are able to get from normal air by secretion all the owgen 
they need The existence, in the lung epithelium, of a capacity which 
can be developed and intensified by training or other means of adapta- 
tion and which inferentiallv may be unpaired bv ov ervv ork or ov erstrain, 
throws a new light on the phenomena of rcspiratorv fatigue 

Oxygen consumption Table II, which has been drawn up from the 
smoothed curves, gives, in litres per minute of dry gas at N P T , the 
oxygen consumption of the selected subjects while doing work on the 
ergometer and while breathing both normal air and oxygen 

TabifII Ox} gen Consumption. Ergometer experiments 

NS ork done In foot poun la per minute 
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Efficiency of Ergometer If 'orl The curves relating to cfficiencv at 
different loads have a certain interest, though of all the results these 
ore jierhaps most open to criticism and require most qualification They 
were computed from the oxygen consumptions and from Zuntr’s 
table of energv equivalents(e) They are “gross” or “overall” efficiencies 
and give, at different loads, the relation between the useful external 
work done by the human machine and the energy generated within 
that machine by exothermic chemical changes A person pedn'l'nm 
the ergometer with the belt off and thus doing no 
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required degree of adaptation is not derived so much, from physical 
exercise as from long-continued exposure to low oxygen pressure, and 
the lungs may be highly efficient without general bodily fitness being 
a necessary consequence. 

Bearing on the oxygen secretion question. Since an unfit man derives 
much benefit during muscular exertion through addition of oxygen to 
the inspired air, while a fit man is very little benefited, it seems clear 
that the lungs of the fit man absorb oxygen more readily from normal 
alveolar air during exertion. This might be due either to some anatomical 
change which makes simple diffusion occur more readily through the 
lung epithelium of the fit man, or to active secretion of oxygen inwards 
by the lung epithelium. 

The former theory does not seem inherently probable; but if it 
were correct we might expect that even during rest the alveolar C0 2 - 
percentage would be higher among fit than among unfit men. To ascer- 
tain whether this is so the records of 84 men were examined. They were 
of every medical category, though the “A” class preponderated. Their 
ages ranged from 15 to 50, though most were of the usual military age. 
The following table sets forth the expired-C0 2 -percentage sitting at rest 
against the fitness factor, the latter having been determined as described 
above: 

Table I. 


Fitness 

Number of 
subjects 

Average 

expired-COj-p.c. 

p.c. 

examined 

at rest 

40-50 

6 

3-52 

50-00 

10 

3-75 

60-70 

23 

3-66 

7O-S0 

19 

3-61 

S0-90 

20 

3-52 

90-100 

6 

3-60 


The evidence is emphatically negative; the expired-C0 2 -percentage 
at rest, and therefore, by inference the oxygen tension of the alveolar 
air at rest, is not affected by a very large variation in fitness. 

The secretion theory as propounded by Bohr and by Haldane and 
his co-workers affords a more probable explanation. The theory pre- 
dicates that the epithelial cells possess the power, which they exercise 
in response to stimuli originating in anoxaemia of the tissues, of secreting 
oxygen from the alveolar air into the blood (7). When a person is at rest 
he gets oxygen by simple diffusion; but during work, or during existence 
at a high altitude, the amount so obtained is inadequate and is supple- 
mented, as shown by the experimental data of these observers, by secretion. 
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with a minimum waste of muscular energy as possible, has a great deal 
to do with his higher efficiency. For example, the expenditure of energy 
and consumption of oxygen involved when a miner uses a shovel are 
markedly less than when the same task is performed by a person un- 
accustomed to shovelling. 

Climbing and Walking Experiments. 

A number of experiments were made on men climbing the main 
incline of the Burdiehouse limestone mine, Midlothian, both while 
breathing normal air and while breathing oxygen. Preliminary tests in 
the Lingenvood and Newbattle Collieries had shown the advisability 
of limiting the variables. This could be done either by taking one subject 
on a number of gradients or by taking several subjects on one gradient, 
and the latter alternative was chosen as being likely to give most in- 
formation. The Burdiehouse incline lies at a uniform slope of 21°. The 
roof is high, so that there was no occasion to stoop, and the floor, while 
dry for the most part, was, at the time of the tests, wet and slippery in 
places. On the whole the condition of the incline might be taken ns 
a fair average of that of a mine roadway of heavy grade. Owing to the 
difficulties encountered in fitting up, each day, a temporary laboratory 
on the side of the roadway, I had to bo satisfied with a few determinations 
for each man; usually values were obtained at five rates of speed, both 
when breathing air and when breathing oxygen. 

It was intended to put the results, especially as to oxygen con- 
sumption, in the most useful form for designers and users of mine rescue 
apparatus; therefore the subject carried such an apparatus both during 
the climbing tests and during the walking and running trials on the 
flat which are referred to below. The total weight borne on each occasion 
was about 43 lbs. The values thus apply to fully-equipped infantrymen. 

The procedure during these experiments was the following: 

Breathing normal air. The subject carried a Douglas bag on his back 
and an exhalation bag, fitted with a relief valve, on his chest. He 
breathed through a mouthpiece, his nose being clipped. Inhalation and 
exhalation valves were so placed that he drew air from the Douglas 
bag and expired into the exhalation bag. Before starting, the Dougins 
bag was inflated with a measured volume of air by aid of a large double- 
acting bellows. The man was then set to walk up the incline (which was 
marked off in chains and poles) at the desired rate. The 3-way tap of 
the Douglas bag being “off,” he inspired, at first, from the atmosphere..,,— , s 

' on k . ' 
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has, on this basis, .zero efficiency. The accuracy of these estimates 
depends on several factors. The manner of arriving at Zuntz’s 
figures has, the writer believes, been considerably criticised, though in 
view of the other sources of error now to be noted small imperfections 
in those values are barely worth considering. The evaluation of effi- 
ciency on normal load is comparatively straightforward and probably 
fairly exact, but grave difficulties arise when overloads are being dealt 
with. Being determined from the oxygen consumption, an efficiency 
is evidently affected by error in measuring the oxygen consumed. 
Further it is important to realise that, as a statement of the rate of 
oxygen consumption at a given time, say two minutes after starting an 
overload, a certain value may be accurate and yet it may yield alto- 
gether misleading results if used as the basis for calculating efficiency 
at the same lime. This conclusion follows from the fact that to measure 
efficiency accurately there must be a correct correlation of energy- 
intake and energy-output. There is. however, no such agreement during 
an overload when the output of energy is, for a time, excessive. The 
portions of the curves which are considered unreliable for this reason 
are shown by even dots. 

If efficiency had been the subject under study, it would have been 
necessary to endeavour to correct the curves by taking into acc unt 
the excess oxygen consumption during the post-work period. An in- 
teresting feature (which has been noted by previous workers) becomes 
apparent when an efficiency curve is corrected in that manner; it is 
then seen to be dome-shaped: in other words, as the load increases the 
efficiency reaches a maximum and then falls away again. The maximum 
occurs at or near the line of demarcation of normal load and overload. 
Even with the uncorrected efficiencies graphed, the tendency towards 
the domed form can be detected in several cases, as for example in 
that of Subject IX. Zuntz’s values being based upon the respiratory 
quotient, the abnormality of the R.Q. during severe work is another 
disturbing factor. 

Generally speaking, the efficiency appears to be greater when breathing 
oxygen than when breathing air. With the relatively unfit person that 
effect may be partly due to the fact that, for a given load, less energy 
is consumed in respiration when breathing oxygen. 

The efficiency of the fit is greater than that of the unfit man. This 
again may to some extent be owing to the relatively small respiratory 
effort of the fit person ; but no doubt the fact of the fit man being usually 
habituated to physical exertion, and having learnt to deal with a task 
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Table III. Oxygen Consumption. Walking and running on the flat, 
carrying weight of 43 lbs. 

Miles per hour 


Standing 12 3 4 



hr. 

Br. 

Br. 

Br. 

Br. 

Br. 

Br. 

Br. 

Br. 

Br. 

Br. 

Br. 

Subject 

air 

o s 

air 

o. 

air 

O i 

air 

O. 

air 

‘>. 

air 

Oi 

I 

0-71* 

0-63* 

0*77 

0-91 

0-85 

1-14 

0 0.-1 

1*40 

2*12 

o.oo 

3 00 

2-80 

II 

0-47 

0-53 

0-59 

0-59 

0-80 

0-74 

1*15 

1*00 

1*08 

1*59 

2*20 

2-10 

m 

0-25 

0-41 

004 

0*47 

0-90 

0-70 

117 

0-DG 

1*62 

1*78 

2*30 

2-S0 

XIII 

0-31 

0-28 

0*60 

0-03 

0-88 

1-00 

1*20 

1*38 

1-G0 

1*75 

2*90 

2-70 

XVI 

0-55 

0-67 

0*70 

0-84 

0-92 

1*22 

1*31 

1*65. 

209 

2*11 

3*40 

2-70 

Average 0-40 

0*45 

0*65 

0G9 

0-87 

0*96 

1*10 

1-29 

1*82 

1*89 

2-80 

2-G0 

C.G.D.(a) 040 

_ 

O-GOf 

_ 

0-84 

_ 

1-14 


1-47 

_ 

2-65 

_ 

(6)0-40 

— 

0-67f 

— 

0-98 

— 

1*33 

— 

1*09 

— 

3*17 

— 


* Unusually high: omitted in averaging, 
t Interpolated from the graph. 


Table IV. Oxygen Consumption. Climbing mine incline of 21°, carrying 43 lbs. 

Work done In foot-jouncis per minute 

Standing 3000 COOO 9000 



Breathing 

Breathing 

Breathing 

Breathing 

Breathing 

Breathing 

Breathing 

Breathing 

Subject 


oxygen 

air 

oxygen 

air 

oxygen 

air 

oxygen 

1 

0-62 

0-57 

1*08 

1*37 

2-02 

2-17 

3*10 

300 

II 

0-42 

0-40 

1*14 

1-19 

2-20 

2-55 

— 

3-40 

III 

0-35 

0-41 

114 

1*09 

2-19 

2-05 

— 

— 

xni 

0-47 

0-45 

1*40 

1*24 

2-56 

2-37 

3*10 

2-GO 

XVI 

0-45 

0*47 

1*24 

1*24 

2-02 

2-02 

2*80 

2*85 

Averago 

0*4G 

0*46 

1*20 

1-23 

2*20 

2-21 

3*00 

3-00 


Table V. Oxygen Consumption. Climbing mine incline of 21% carrying 43 lbs. 

Speed In miles per hour ; slope measurement 


Standing 0-5 10 1*3 



Breathing 

Breathing 

Breathing 

Breathing 

Breathing 

Breathing 

Breathing 

Breathing 

Subject 

air 

oxygen 

air 

oxygen 

air 

oxygen 

air 

oxygen 

I 

0*02 

0-57 

1*10 

1*40 

2-18 

2*25 

3-20 

3*10 

n 

0-42 

0-40 

M0 

1*14 

2*15 

2-50 

— 

3-40 

hi 

0-35 

0-41 

1*25 

1*19 

2-45 

2-30 

— 

• — 

XIII 

0-47 

0-45 

1-50 

1*31 

2-70 

2-4 G 

3-20 

2-70 

XVI 

0-45 

0-47 

1*20 

1*20 

2-04 

2-04 

2-80 

2-90 

Average 

0-46 

0-46 

1*24 

1*2G 

2*30 

2-31 

3*10 

3-00 


Most economical rate of walking. Like a steamboat or an airship, 
man has a most economical speed at which he goes furthest ^ 1 ; « 
oxygen or per pound of fuel or food consumed. The data o v ' 
the following information: “C.G.D.’s” most^ 
breathing air and walking without burden ■ 
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When it was judged that his respiration had adjusted itself to the degree 
of exertion, the 3-way tap was turned “on” and he began to breathe 
from the measured volume in the Douglas bag. The length of the spell 
of work, from the moment of turning on the tap to the moment of 
turning it off again, was taken by a stop-watch. After the spell samples 
for analysis were withdrawn, over mercury, from the exhalation ba», 
and the volume remaining in the Douglas bag was metered. 

Breathing oxygen. Before any observations were made on oxygen, 
the man was required to use the mine rescue apparatus which he was 
carrying for a sufficient time to remove the bulk of the free nitrogen 
dissolved in the blood and tissues. During this preliminary period the 
nitrogen percentage in the air of the closed circuit of the apparatus was 
kept low by frequently washing out through the relief valve with excess 
oxygen. After that operation the subject was not allowed to breathe 
ordinary air until the whole of the oxygen series of tests was completed. 
During rests, and during the first part of a climb while the respiration 
was accelerating, he used the rescue apparatus. The routine was the 
same as that described above, the Douglas bag, however, being filled 
with a measured volume of oxygen, and the subject, on the word of 
command, changing rapidly from the rescue apparatus mouthpiece to 
that of the respiration apparatus, or vice versa. 

The walking and running tests , were made on a smooth, level con- 
crete track at the Mine Rescue Station, Edinburgh. 

The results of two such tests are set forth in 'Rigs. 12 and 13. Rig. 14 
is constructed from information relating to “C.Gr.D.” and obtained 
from a paper by Haldane and Douglas(9); it is included for the sake 
of comparison. In condition (a), indicated on the graph by full lines, 
this subject was breathing normal air and walking on the laboratory 
floor, while in condition ( b ), indicated by chain dots, he was breathing 
air and walking in a level grass field. He did not carry a load; therefore, 
the consumption of oxygen and production of carbon dioxide are rela- 
tively less than those of the other subjects. Though the figures actually 
obtained in Haldane and Douglas’ experiments were used in drawing 
the graphs, 25 p.c. has been added to “C.G.D.’s” oxygen consumptions 
in the following table to make them more comparable with those of 
the other men, who were carrying 43 lbs. each. 

Tables III, IV and V, derived from the smoothed curves, state oxygen 
consumptions (expressed in litres per minute of dry gas at N.T.P.) of 
men walking and running on the flat and climbing the Burdiehouse 
incline: 
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( 4 ) On an overload, even the fittest man derives benefit from 
breathing enriched air. 

(0) The nature o£ the adaptation produced by physical training 
and by certain vocations is compared with that found to result from 
living at a high altitude. The bearing of the results upon the oxygen 
secretion question is considered and reasons are given for the acceptance 
of the secretion hypothesis. 

(6) The benefit of breathing enriched air when doing physical work 
is limited to air containing about 60 p.c. oxygen. Enrichment above 
that proportion has no effect during exertion, even on very unfit persons. 

(7) Tables are inserted setting forth the oxygen consumptions of 
numerous subjects while working the ergometer, while walking and 
running on the flat, and while climbing a mine incline of 21° slope, and 
the most economical rates of walking are Bhown for several subjects. 

Appendix. Description oj subjects selected for illustration. 

Subject 1 (Fig. 3). Miner (repairer) working in steep seams; weight, 
154 lbs., fitness 83 p.c. ; the position of the “peak load ” (7500-8000 ft. lbs. 
per min.) is higher than the average, indicating a man of good stamina. 

Subject II (Fig. 4). Sedentary person ; weight, 136 lbs.; fitness 46 p.c.; 
finds work much easier when breathing oxygen; oxygen-want apparent 
at relatively low rates of exertion. 

Subject III (Fig. 5). Instructor at a mine rescue station; weight, 
165 lbs.; fitness 80 p.c. 

Subject IV (Fig. 6). Mine uudermanager; weight, 108 lbs.; engaged 
in a mine working flat seams; fitness, 64 p.c.; oxygen-want becomes 
serious under 6000 ft. lbs. per min. 

Subject VI (Fig. 7). Army recruit; previously a bank clerk; weight, 
142 lbs.; fitness, 42 p.c. 

Subject VIII (Fig. 8). Regular soldier; weight, 168 lbs.; instructor 
in physical drill; heavy weight lifter; athletic type; fitness, 100. p.o. 
Judging from his general behaviour while doing work (quite apart from 
the results obtained) he is the fittest man of the series. Breathing 
oxygen is not the least benefit until the crest load is exceeded; then it 
gives a gradually increasing assistance. 
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four miles per hour, at which rate he moved 99 yards per litre of oxygen 
consumed. Walking without burden on grass, the same subject’s most 
economical speed was three miles per hour, when a litre carried him 
82 yards. With all the other subjects of Table III — loaded, as. each of 
them was, with 43 lbs. — the most economical speed proved to be three 
miles per hour when breathing air, while, when breathing oxygen and 
similarly loaded, that rate was three miles per hour for I, II and III, 
and four miles per hour for XIII and XVI. It is apparent that in- 
creased difficulty of walking, whether due to the man carrying a weight 
or to lack of smoothness of the path, reduces the most economical speed. 

The writer expresses his obligation and gratitude tb Dr J. S. Haldane 
for the encouraging interest he took in these experiments and for his 
equally invigorating criticism. Mention must also be made of the loyal 
assistance given by Miss Elizabeth Gilchrist, M.A., B.Sc., and 
Mr David Penman, B.Sc., in conducting the experiments; of the 
painstaking work of the Physical Test Station Staff, and of the very 
willing help given by a great many mine officials, miners, soldiers, and 
others in the course of tests which were often of an arduous nature. 


Summary. 

(1) Physical work is found by experience to be easier to unfit men 
when oxygenated- air is breathed than when normal air is breathed, but 
no such difference is to be observed with fit men. 

(2) When exertion of steadily increasing magnitude is undertaken, 
the expired-C0 2 -percentage first rises and then falls. The load at which 
that percentage is a maximum is called the “crest load.” It is shown 
that the crest load demarcates between normal loads and overloads. 
The demarcation line is not constant, and the circumstances causing 
movement of that line are discussed. 

(3) If curves be drawn showing work done (absciss®) and exhaled- 
C0 2 ~percentage (ordinates), (a) when the subject breathes air, and 
(b) when he breathes oxygen, the curves are found to coincide up to 
the crest where the man is very fit and to diverge widely when he is 
unfit, since the C0 2 -percentage becomes much lower in the unfit when 
only ordinary air is breathed. A method of measuring fitness is de 
scribed; it is based upon the experimental fact that fitness is inversely 
as the divergence of these curves. 
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Subject IX (Kg. 9). Mine fireman or deputy, working in a flat-seam 
colliery; weight, 168 lbs.; fitness, 69 p.c. 

Subject XIII (Fig. 10). First-class footballer; runner, jumper and 
all-round athlete; Army instructor in physical drill; weight, 158 lbs. 
Records were obtained of the subject in three conditions: (1) in good 
health; fitness, 70 p.c. (the ergometer results labelled (A) were obtained 
on that occasion); (2) in good health and after intensive training at 
Aldershot; fitness, 100 p.c.; and (3) in poor health; fitness, 55 p.c. 
The ergometer tests marked (B) and the climbing and walking tests 
were carried out with the man in the last condition. The low rate of 
breathing, small lung-ventilation, great depth of breathing and ab- 
normally high C0 2 -percentage level are remarkable features. 

Subject XV (Fig. 11). Assistant instructor at a mine rescue station; 
weight, 147 lbs. ; fitness, 63 p.c. 

Subject XVI (Figs. 12, 13). Research assistant,, sedentary habits; 
weight, 154 lbs. 

C. G. D. (see p. 308), Fig. 14. 
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THE METABOLISM OF THE SALIVARY GLANDS. 

I. The Relation of the Chorda Tympani to the nitrogen 
metabolism of the Submaxillary Gland. Bv G. V. ANREP. 

(From the Institute of Physiology, University College, London.) 

Ltmwio(i) and Heidenhainp) found that in protracted secretion the 
submaxillary gland is gradually exhausted and that in consequence the 
percentage of organic solids secreted in the saliva diminishes as the 
secretion goes on. The histological observations of Heidenhain showed 
that in the mucous salivary glands of the dog, the mucin of the saliva 
arose from a clear substance in the cells which stained hut feebly with 
carmine, and that the cells stained more deeply with carmine the greater 
the amount of the saliva secreted; he found further that during secretion 
the gland lost weight and that the percentage of solids in it decreased. 
Heidenhain concluded that the turning out of organic material by the 
cell was accompanied by the formation of fresh cell substance, but that 
this formation did not keeji pace with the turning out. Actual comparison 
of the amount of the total organic substance lost and reformed was not 
made. 

The point of view of Heidenhain was supported by Langlcy(3) 
chiefly on the ground that in glands in which an outer non-granular zone 
was formed during secretion — including the mucous glands — the amount 
of cell substance in the non-granular zone was greater than could be 
accounted for by the disappearance of the granules. 

Pavlov(i) expressed doubt whether the increased affinity of the cell 
to carmine and the variations in the size of the cell as observed under 
the thicroscope are sufficient to make any definite conclusions about the 
output and the replacement of the organic material. Pavlov considered 
thnt only a direct observation of the nitrogen content of the gland is 
a suitable method for studying the metabolic processes during activity. 
He estimated the nitrogen content (a) of the gland on ~ ’Aa^wh' 
had been left in the resting state; (6) of the gland of 
which had been caused to secrete; (c) in the saliva 


rn. civ. 
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that the active gland lost nitrogen, but that the loss was less than that 
of the nitrogen of the saliva. This was taken to mean that the gland took 
up protein during secretion.' In a mean of ten experiments Pavlov 
found the amount thus stored up to be 2G - 7 p.c. of the nitrogen turned 
out of the gland (4 a, b). This taking up nitrogen was found to depend 
upon the nitrogen output, being considerably greater in experiments 
with a large secretion and a large nitrogen output (4 c). He found also 
that when the gland was left for eight hours after the stimulation the 
replacement of 1ST was one-third, instead of about one-fourth. Since the 
secretion continued from about the first 50 minutes of this time, he 
concluded that the further increase was caused by nerve stimulation 
and that none occurred during rest. This fact led Pavlov to conclude 
that under normal conditions there" must be some secondary stimuli 
which affect the gland after the end of the secretion and in some wav 
stimulate the re-formation of the nitrogenous substances lost (4 c). In 
the experiments of Pavlov the secretion was excited in curarised dogs 
by stimulation of both sciatic nerves. 

The results of Pavlov’s experiments were confirmed by Verh'ov- 
sky(5) who stimulated the peripheral end of the lingual nerve and the 
chorda and obtained in cases with large secretion a replacement of more 
than a half of the nitrogen output. 

Langley(6) expresses some doubt whether the observations of 
Pavlov are correct “as the numerical results are not such as one would 
expect from the microscopical appearances of the gland cells.” 

Y. HendersonfJ) performed similar experiments and found “that ‘ 
the secreting gland... remains in nitrogen equilibrium during secretion 
and tends to replace the loss during activity.” In fact, the total of his 
nine experiments show a difference between the nitrogen of the nine 
active glands and the nine resting ones of only 1*4 p.c., although the 
saliva excreted contained 10 p.c. of the nitrogen of the gland. In three 
of these experiments the active glands were found richer in nitrogen 
than the resting ones. If these three experiments be excluded the figure 
of the replacement in the other six is about 32-4 p.c. of the loss which is 
close to the figure given by Pavlov. The experimental conditions varied 
in Henderson’s experiments, and it seems possible that the deviation 
of the three experiments mentioned may have been due to this. 

The problem of nitrogen metabolism is of importance for the proper 
understanding of the secretory process. The experiments described m 
this paper were performed with the object of studying these obscure 
points. 
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Comparative estimation of the nitrogen content and weight 
of the submaxillary glands on both sides. 

The accuracy o£ the experiments greatly depends on the equality in 
nitrogen content of the glands on both sides of the animal. It has been 
found by Bidder and by Ileidcnhain that the left submaxillary gland 
is heavier than the right. Pavlov states that the glands may be heavier 
cither on one side or on the other, but that their nitiogen content is 
remarkably concordant, the deviations being considerably less than 1 p.c. 
Henderson confirms this statement. As the question is of primary 
importance for the reliability of the experiments, 12 comparative 
estimations of the nitrogen in the glands were made by the Kjeldahl 
method. Most of the glands were taken from dogs used for other experi- 
ments but two special dogs were used. In all the dogs except one the 
digestive system had been at rest for some time before the glands were 
excised. The method of separating the glands in all the experiments 
described in this paper was the following: fine glass cannulas were tied 
in the sublingual ducts on both sides and two other cannulas were placed 
in the peripheral ends of both carotid arteries. The external jugular 
veins were then opened and normal NaCl solution was passed through 
the carotid arteries. When the outflowing fluid became colourless the 
perfusion was stopped. By means of a syringe a suspension of Indian 
ink was injected in the cannula of the sublingual ducts until the glands 
became distinctly stained. Then the submaxillary glands were dissected 
together with the sublinguals. The separation of the submaxillary from 
the sublingual is an easy matter if one uses this method of injecting 
Indian ink. Otherwise it is difficult to distinguish small lobules of the 
sublingual, which sometimes project into the body of the submaxillary. 
The separated glaml was put into a watch glass and as fnx as possible 
liberated from the connective tissue. If one cuts with fine scissors along 
the duct, all the connective tissue of the lulus and that between the 
lobules with ducts and blood vessels together can be easily removed. 
When the gland is so prepared it completely loses its shape, it opens out 
and appears like a flattened disc. The glands when ready were weighed 
and their nitrogen was estimated. 

There is no need to give the details of all these determinations as 
they showed complete concordancy. The total figures of the 12 determina- 
tions arc: 


The weight of the 12 right glands 
The weight of the 12 left glands 
A difference of 0-9G72 gr. 


«&• 


41-3912 gr. 
-12-3014 „ 
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The nitrogen content of the 12 right glands ... 1*1589 gr. 

The nitrogen content of the 12 left glands ... 1*1608 „ 

A difference of 0*0019 gr. The maximal difference observed was about 
+ 6 p.c. for the left gland in the dog which had been fed not long before 
the glands were removed. In this case the heavier left gland was richer 
in nitrogen by 0*0023 gr. which was a little less than 2 p.c. of the total 
nitrogen in the gland. The determinations justify the assumption that 
the submaxillary glands on both sides contained practically the saipe 
amount of nitrogen. 

The effect of chorda stimulation on the total nitrogen metabolism 
of the submaxillary gland. 

The first problem was to repeat the experiments of Pavlov, 
Verhovsky and Henderson in order to test their observations of an 
increased nitrogen intake during activity. Ten experiments were per- 
formed on dogs. Care was taken to have the digestive organs of the 
animals in resting condition. Water was given in abundance. Pure 
chloroform was used as an anaesthetic. As the object of these experi- 
ments was to investigate the uncomplicated chorda action, it was 
necessary to eliminate all stimuli which would affect the gland through 
the sympathetic nerve. The mere cutting of the vago-sympathetic in the 
neck could not be considered sufficient as there is always the probability 
of a stimulation of the sympathetic nerve endings by a discharge of 
adrenaline. For this reason in addition to cutting both vago-sympathetic 
nerves the suprarenal bodies were excised, either directly through the 
abdomen, or extraperitoneally. On the side of the gland which was 
taken for the control the cbordG-lingual nerve was cut immediately after 
the dog was fastened on the table. The other chordo-lingual nerve was 
ligatured as deep as possible and prepared for stimulation. Fine glass 
cannulas were tied in both submaxillary ducts. When the whole prepara- 
tion was completed a dose of morphia was injected subcutaneously and 
the anaesthetic changed for an e.c. mixture. Morphia and ether were 
not given before in order to avoid the stimulation of the salivary centre 
and not to increase the secretion of adrenaline any more than possible. 
If morphia is injected before the chorda tympani nerves are cut, there 
is always a large secretion from both glands, so that the control gland 
could not be considered as resting. The ligatured chorda-lingual nerve 
was stimulated with an interrupted current, a metronome being intro- 
duced into the circuit. The current used wa s very weak, hardly appreciable 
by the tongue, but was gradually increased towards the end of the 
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experiment. The stimulation started from the end of the nerve close to 
the ligature, and the electrodes were gradually shifted along os the 
stimulated place lost its excitability. The chorda was not stimulated at 
any point nearer than | to 1 cm. from the gland in order to avoid a 
spread of current to the sympathetic fibres running with the artery to 
the liilus. The nerve was stimulated at intervals varying in different 
experiments from 3 to 15 minutes. Generally, the stimulation was 
stopped for a time when the secretion began to diminish during the 
stimulation. All necessary precautions were taken to keep the nerve, 
moist and the animal warm. The time of stimulation varied from 11 to 
71 hours. At the end of the experiment the amount of the secreted 
saliva was measured, the glands dissected as described, above, weighed, 
and the nitrogen of both glands and of the saliva determined. The 
results of these ten experiments are presented in Table I, they were 
calculated in the following way. The nitrogen of the saliva represents 
the nitrogen output. The nitrogen intake of the active gland is given 
by subtracting the nitrogen of the resting gland from the total of the 
nitrogen in the saliva plus that in the active gland. 

The percentage of the nitrogen output, the corresponding percentages 
of the nitrogen intake, and that of the actual loss by the secreting gland, 
calculated on the nitrogen of the resting gland are presented in Table II. 

The. secretion of the mucin nitrogen and non-mucin nitrogen. 

The well-known fact, that in protracted secretion the saliva becomes 
less and less viscid and eventually appears as a watery fluid, shows that 
the .excretion of mucin greatly diminishes. As the mucin is not the only 
nitrogenous compound excreted in the saliva, the question arises whether 
the excretion of the non-mucin nitrogen is parallel to -that of the mucin 
excretion, or whether it is an independent one. 

In order to determine the distribution of the mucin and non-mucin 
nitrogen in prolonged secretion, five experiments were performed. For 
the separation of the mucin from other organic and inorganic nitrogenous 
compounds the acetic acid method of precipitation of mucin was generally 
used. The saliva secreted was collected in separate portions from 5 to 
25 c.c. each. The time of secretion of each portion was noted, and in 
each experiment the strength of the stimulation was altered in such a 
way ns to maintain a constant speed of secretion throughout the experi- 
ment in order to avoid as far as possible the influence of the variation 
in speed upon the excretion of organic solids which was obse’-"'"' by 
Ilcidenhain. Each portion as soon as collected ..was u 
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distilled water to a volume of 100 c.c. An aliquot part of this diluted 
saliva was taken for the estimation of the total nitrogen (N/100 HC1 
used for titration) and another part was precipitated with acetic acid. 
The saliva before the precipitation was once more diluted with water, 
as it was found that the mucin precipitates far hotter if dilute. 

After allowing the precipitate to shrink together into solid masses, 
which usually took 1 to 2 hours, the saliva was filtered and the nitrogen 
estimated in the filtrate. In two experiments the mucin was precipitated 
with very weak hydrochloric acid, as recommended by Hammarstcn(S). 
Tiie mucin was reprecipitated twice, finally filtered, and the non-mucin 
nitrogen estimated in the filtrate. The method of Hammarsten is not 
bo good for the saliva mucin as it is for the mucin extracted from the 
gland, and a higher concentration of HC1 has to he used to rcdissolve 
the saliva mucin than he advises for the gland mucin. Comparative 
determinations of the saliva treated with acetic acid and HC1 gave 
sufficiently concordant results. Every collected portion of the secreted 
saliva was treated in the same way. Duplicate determinations were made 
in every case. Figures obtained in three of these experiments are given in 
Table III. 


Table III. The course of secretion of mucin mtroejen and non mucin ntlrvjcn nt 


jirotmclcd secretion. 



Exp 1 



Exp 2. 


c.c of 

Mucin N 

Non mucin 

c c of 

Mucin N 

Non rnticin 

sain a 

jn mgs 

N 

sain a 

in mgs 

N 

» 

812 

0 GO 

15 

21 24 

2 80 

,» 

0 36 

0 73 

15 

11 89 

2 70 

6 

4 78 

0 09 

13 

5 31 

2 54 

5 

*1 42 

0 09 

15 

0 96 

2 86 

6 

2 90 

0 09 

15 

014 

2 70 

5 

2 01 

0 00 

15 

0 48 

2G2 

5 

2 25 

0 60 

15 

000 

2 SO 

r> 

157 

0 83 

15 

000 

2 02 

•*> 

1-22 

0 60 

— 

— 

— 

5 

0 72 

0G8 

120 

40 52 

21 70 

6 

0 59 

0 GO 




5 

0 41 

0GG 




5 

0 35 

0G8 




5 

0 23 

0 01 




r> 

000 

0 GO 




o 

000 

0 01 




5 

000 

0 61 


Exp 3 


fi 

000 

0G1 




r> 

0-00 

0G9 

20 

25 04 

3 72 

r» 

ooo 

0G9 

20 

12 74 

3 93 

5 

000 

0 55 

20 

0 45 

4 01 

5 

000 

0G0 

20 

1 77 

-.3 93 

5 

000 

0 09 

20 

0 50 

f 

115 

35 59 

15 51 

j-^100 

40 50 
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excluded putrefaction. These results indicate that certain bodies that 
cause a rise in blood-pressure may arise in the intestine from bacterial 
action on protein and be absorbed to the blood stream. They suggest also 
the possibility that pressor substances may originate in the tissues 
through incomplete or perverted metabolism. 

Fowler and Hawk(5) showed that increased water ingestion pro- 
duced a decrease of bacteria in the faeces. It has been shown (J. B. 
Orr(6)) that the increased passage of water through the system promotes 
an acceleration of the catabolic and synthetic phases of protein meta- 
bolism. If these results be correct increased ingestion of water should 
tend to eliminate pressor bodies whether arising in intestinal bacterial 
activity or in defective protein metabolism in the tissues. A series of 
experiments which has been carried out appears to show that a fall in 
blood-pressure does follow an increased water consumption. 

In these experiments readings were taken during both “pre-water” 
and “ post- water ” control periods when the subject neither curtailed nor 
increased his water consumption. On the “water” day 3 litres extra 
were drunk. The readings were taken with the subject lying on a bed 
and after 15 minutes rest. Corresponding readings were taken at the same 
hour of the day and meal times were fixed. The instrument used was a 
Riva-Rocci with a screw compressor which allows a fine adjustment. 
The auditory method whose accuracy has been conclusively demon- 
strated by MacWilliam, Melvin and Murray(7) was adopted. 


Subject J. B. 0. 

Pre-water 

Noon Headings 
SyBt. DIast. Pulse 
112 58 76 

Afternoon Eeadinga 
Syat. Diast. Pulse 

112 60 72 

age 38 

Water 

109 

59 

80 

114 

63 

62 

(3th Exper. 

Post- water 

106 

58 

80 

111 

48 

76 

Subject J. R. H. 

Pre-water 

112 

68 

60 

104 

62 

60 

age 31 

Water 

111 

70 

50 

101 

61 

66 

3rd Exper. 

Post-water 

106 

61 

60 

97 

56 

48 

Subject J. I. M. I. 

Pre-water 

126 

76 

58 

127 

77 

62 

age 21 

Water 

134 

84 

64 

118 

64 

60 

1st Exper. 

Post- water 

123 

69 

54 

126 

69 

66 

Subject J. I. M. I. 

Pre-water 

125 

60 

00 

119 

68 

58 

age 21 

Water 

115 

74 

60 

126 

64 

72 

3rd Exper. 

Post- water 

117 

65 

60 

116 

64 

60 

Subject J. L. 

Pre-water 

148 

86 

60 

134 

83 

56 

age 30 

Water 

137 

88 

60 

136 

88 

54 

1st Exper. 

Post- water 

142 

87 

54 

134 

87 

50 

Subject J. L. 

Pre-water 

133 

78 

64 

127 

79 

72 

age 30 

Water 

13 3 

79 

61 

129 

75 

60 

3rd Exper. 

Post- water 

126 

75 

60 

123 

73 

66 
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valves. The tension of the string remained the same in both curves. The 
plate voltage was GG, filament current -8 amp., and tho three resistances 
30,000 ohms. The valves used were the Marconi V. 24. 

The ripples on the magnified electrocardiogram are being investigated 
and it is hoped that they may be overcome. We wish to express our 
thanks to Professor Bay liss for many helpful suggestions. 

The action of potassium and uranium on the frog’s heart. By 
A. J. Clark. 

Zwaardemaker(i) has shown that if a frog’s heart is arrested by 
perfusion with potassium free Ringer, it will recommence a regular beat 
on the addition of uranium, or any other radio-active salt, to the per- 
fusion fluid. He concludes that “the potassium atom may, as regards 
function, be replaced by all other radio-active elements.” 

I consider that this conclusion can only be accepted with considerable 
qualification. 

I have tested the action of uranium upon the excised frog’s heart; 
the hearts were perfused with one cannula in the sinus and one in tho 
aorta, the Ringer used contained KaC) 0-6D p.c.; CaCl 2 0-01 p.c.; KC) 
0-01 p.c.; NaHC0 3 0-02 p.c.; P„- 7-7. 

When the potassium in this fluid was replaced by rubidium chloride 
(0 015 p.c.) no certain alteration could be observed in the activity of the 
heart. When the potassium was replaced by 0-02 p.c. csesium chloride 
the heart showed the usual signs of potassium lack, and stopped in about 
half an hour. The alterations on its activities were not so rapid as when 
simple potassium free Ringer was perfused, and therefore cajsium can 
compensate for potassium lack to a slight extent. These facts were 
observed by Ringcr( 2 ). 

When the heart is perfused with potassium free Ringer a very well 
defined Beries of changes in its activities occurs; firstly, the length of the 
mechanical response of the auricle and of the ventricle increases, and at 
the same time tho length of the a.-v. interval increases; after a few 
minutes a partial auricuio-ventricuiar block occurs, and is followed by a 
sinoauricular block ; at the same time the tomiB increases, and diastole is 
imperfect; finally, when the auricuio-ventricuiar block becomescoinplete, 
the ventricle is arrested in diastole, and the auricular bents cease shortly 
afterwards, the arrest being complete in about 30 minutes, 
contipues to beat for at least an hour afterwards ,, - 

respond to direct stimulation for more •' 
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the string to protect it from the Jarge current flowing from the plate 
batteries and this would have the effect of flattening out the curves. 

The valve placed in one arm of a Wheatstone bridge as described bv 
Dr W. H. Eccles ( Nature , 104 . No. 2620), was the method eventually 
used and we are much indebted to Dr Eccles for valuable help. As a 
criterion of the aperiodieity of the circuit we used the electrocardiogram 
although it was recognised -that magnification of the electrocardiogram 
ipse se would not lead to any useful information. Two curves are given 
showing the difference in amplitude of the string excursion of the normal 
electrocardiogram and of the electrocardiogram magnified by using two 
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potassium free fluid and with potassium free fluid plus uranium. This 
result is not due to uranium having a long latent period before it acts, 
for if the heart is first perfused with normal Ringer plus uranium for an 
hour, and then with potassium free Ringer plus uranium, exactly the 
same changes as described above occur when the potassium is removed. 
The addition of uranyl nitrate to normal Ringer in quantifies up to 
0-01 p.c. produces no effect upon the heart in an hour. 

Some of these changes are shown in the figure. 

When a heart is perfused with KC! free Ringer until complete arrest 
is obtained, then the addition of uranium will frequently cause it to 
resume an irregular beat, but I have never been able to obtain a beat 
of normal frequency, and with a normal a-.-v. interval, and a normal 
length of mechanical response. Zwaardemaker states that under 
these conditions he has obtained a beat of normal frequency and norma! 
force of contraction, but the tracings published in his papers are not 
sufficient to judge his results. 

I performed similar experiments with the isolated auricle of the 
rabbit, in this case lack of potassium causes an initial increase in 
frcquoncy and force of contraction, and finally arrest; when Ringer 
minus potassium, plus uranium 0-005 %, was perfused, exactly the 
same changes were observed as with potassium free Ringer. 

I conRidor therefore that, although uranium will excite a heart 
arrested from lack of potassium, yet it cannot be said to replace potas- 
sium in the manner in which rubidium will replace potassium. 


0) H. Zwaardemaker. Journ. Physio). 52. p.273. 1020. 
(2) S. Ringer. Joum- Physiol. 4: 370. 1864. 


Graphic conversion of Sorensen'B p„ (— !og[H-}) Into concentra- 
tions of hydrogen ions. By H. E. Roaf. 

The correct mathematical expression forp„ is — log [H - ]: this will be 
used in the following description. 

A simple method for converting — log [H-] into true concentrations 
is to draw a diagonal line on semi-logarithmic paper. The first decimal 
points of the — log [H‘] expression arc plotted from right to left as 
absciss® and the concentrations from 0-1 to 1-0 againstuthc logarjthmic 
rulingsasordinates. Thewholenumberofthc— log! • .-"'S.' 

power of ten by which the concentration must be 
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When a heart is perfused with Ringer in which the potassium has 
been replaced by uranyl nitrate (0-0001 - 0-0025 p.c.), all of the above 
changes occur, i.e. the heart first shows systolic effects and then be- 
comes arrested in diastole, the arrest persisting for the duration of the 
experiment, which in some cases was for 3 hours ; in fact I was unable 
to detect any certain difference between the effect of perfusing with 



Action of lack of potassium, and of lack of potassium in presence of uranium upon the 
isolated frog’s heart. 

Tracing I shows the action of lack of potassium. Potassium free Ringer was perfused at the 
arrow. 

Tracing II shows the effect of uranium. At the arrow a Ringer’s fluid was perfused con- 
taining no potassium but 0-002 % uranyl nitrate. # 

The effect in the two cases is identical, both hearts stopped in diastolic arrest in 20 , and 
Remained arrested permanently. . 

In both tracings the upper curve records the auricular and the lower curve the ventricular 
contractions. Up-stroke =systole. Time in 10 seconds. 
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On the so-called growth of amputated parts of plants. ( Il’t'fA 
Demonstration.) By A. D. Waller. 

A report has been published by Professor Bayliss and seven other 
distinguished authorities of a demonstration made to them by Sir 
J. C. Bose’s “crescograph” on Frida)’ afternoon, April 23rd, in the 
Physiological Laboratory of University College, London. That report 
as indicated in the current issue of Nature (May 6, p. 305) is to the effect 
that the instrument correctly records changes of length in the growing 
tissue, or indeed of any substance attached to the lever of the instrument 
however such changes may be produced. It is however not clear from 
the terms of the report whether the correctness of the instrument is 
regarded as comprehensive of all and any kinds of elongation collectively, 
or to the elongation due to true growth isolated from elongation due to 
other causes. 

Moreover the University College demonstration is reported as having 
been made upon an “ actively growing bud,” whereas the demonstrations 
previously made at the Royal Society of Medicine and elsewhere were 
performed upon the apical parts of leaves (daffodil, hyacinth and 
cyclamen). 

The statements of the University College Committee have been quoted 
by Sir J. C. Bose in contradiction of a previous statement made by 
me dealing with what I actually saw and recognised as being a perfectly 
familiar fallacy ( Transactions of the Royal Society of Medicine, 1920). 
The demonstration made by Sir J. 0. Bose at the Royal Society of 
Medicine on March 11th, was of an entirely different character. So-called 
growth of normal speed was “ demonstrated ” upon parts of plants devoid 
of any growth zone in which therefore such growth was impossible. An 
amputated leaf of a hyacinth (or daffodil) was shown and stated to 
exhibit “growth”; it was then “stimulated” by induction shocks and 
stated to exhibit arrest and reversal'of growth. My opinion that the 
demonstration was illusory is shared by Mr Harold Wager, who was 
•also present and who writes to me as follows: “I am quite at a loss to 
understand upon what grounds he (Sir J. C. Bose) regards the move- 
ments shown by his apparatus as being movements of growth. Variations 
of turgidity in vegetable cells which may bo very considerable are not 
necessarily indicative of growth any more than the movements of a 
pulvinus under stimulus are growth movements. Moreover I noticed 
that Bose took apical pieces of the leaves (either daffodil or hyacinth — 
I forget which) in order to demonstrate the growth with his apparatus. 
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In the absence of semi-logarithmic paper squared paper can be used 
only the concentrations must be marked against the lines corresponding 
to their logarithms : the semi-logarithmic paper is more convenient as one 
can read from it correctly to two places of decimals. 

For example to convert — log [H‘] = 6'7 into concentrations of 
hydrogen ions, 0-7 cuts the diagonal line opposite 0-2, therefore the con- 
centration of hydrogen ionS is 0-2 x 10~ 6 . 

One canavoidthe useof— log [H - ] by plotting the electrical potentials 
against hydrogen i on concentrations on semi-logarithmic paper. 



- log [H-] or = x + 
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A peculiar effect of chloroform on the cardio-inhibitory centre. 
By J. B. CoLLiF. 

On an occasion during a mammalian demonstration m which a dog 
was used, the anresthetic was abruptly changed from ether to chloroform. 
It was noted that shortly after chloroform anaesthesia had been initiated 
a peculiar type of vagus pulse became manifest in the tracing of the 
mercury manometer which was connected with the left carotid artery' 
(Fig. 1). This effect at once disappeared when ether nnaisthesia was 
resumefd and reappeared when the ether was again substituted by 
chloroform. As it was quite evident that the phenomenon was due to the 
inhalation of chloroform, the vagi were cut to determine whether the 



fig 1. Blood pressure treeing from a dog under ethe". at the signal ,ebfoco r orm oral 
substituted for ether Time tracing m 10 see. intervals. 
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•Now it is a well-known fact that the growth of such leaves is basal not 
apical and experiments which I have made— rough certainly— as com- 
pared with tkose_ of J. C. Bose — do not show any growth at all in the 
apical region, or indeed in any part of the leaf except just at the base.” 

The elongation of a bit of plant as shown at a magnification of 1000 
(and a fortiori, of 1 to 10 millions) may be due to growth or to somephysical 
fallacy such as change of temperature, slipping of attachment, increase 
of turgor, etc. The most fruitful source of fallacy is turgor, any suitable 
bit of plant rapidly loses turgor and becomes flaccid and if its cut end is 
placed in water or clamped in wet cotton wool it gradually recovers turgor 
and exhibits elongation, whether it grows or not. The amputated leaves 
of hyacinth, daffodil, lily, iris, etc. grow only at the base and elongate 
only by increase of turgor (or other physical fallacy). The amputated 
buds of lily,' hemlock, lupin, etc. contain growth zones, and can elongate 
partly by true growth, partly by increasing turgor (or other physical 
fallacy). 

The first point that requires investigation before the study of growth 
proper can be profitably undertaken, consists in the experimental dis- 
tinction between the elongation due to increased turgor and that 
attributable to true growth. Broadly speaking the distinction is simple, 
turgor is a reversible change, gain or loss of water causes gain or loss of 
length. Growth is an irreversible change and is attended by continuous 
gain of length not followed by loss of length (“degrowth”). If two 
rapidly growing buds (e.g. the flower spikes of Lupin) are set up side by 
side and arranged to record simultaneously their elongation for a minute 
or two, it will be seen that the bud in which turgor is maintained (stalk in 
water) grows rapidly (0-25 g per sec.), whereas the bud that loses turgor 
(stalk in air), grows more and more slowly, then stops, and finally 
shortens. The effects of electrical excitation will be dealt with in a 
further communication. 

Growth true or false is most easily demonstrated and recorded at a 
magnification of 1000, when actual elongations of 10, 20, ... are repre- 
sented to the eye by elongations of 10, 20 ... mm. Thus, e.g. the apical 
half of an iris leaf showed no elongation whatever during 24 hours, 
whereas its basal portion showed an apparent elongation of 60 mm. 
during five minutes, i.e. exhibited growth at a speed of 0-2 g per second. 
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shore crab, at any rate) are comparatively rigid structures standing 
manipulation, alcohol, etc. without change of form. 

The gills were removed and the number of lamella; in each counted 
under a dissecting lens. A lamella was then removed from that part of 
each gill which represented the average area and mounted bo that its 
enlarged image could be projected on to squared paper and the area 
measured. This area (doubled to allow for both upper and lower surfaces) 
multiplied by the number of leaves in that gill gavo the total surface of 
the gill. Each of the nine gills of one or both sides of the crab were 
measured in the same way and it was found that in Carcinus maenas 
(the common shore crab) the average gill surface is 7-7 square centimetres 
per gramme of body weight. 

A similar ratio exists in the case of Cancer pagurus (the red edible 
crab) and Porlumts sp. (the swimmer crab) of which single specimens were 
examined, giving a surface of 7-8 and 8’7 sq. cm. respectively per gramme 
of body weight. 

Table I. Showing the total and relative gill surface in five specimens of 
Carcinus maenas. 

Total gill Gill surface per one 
Sex and weight surface gramme of body weight 
$ 23 grammes 190 sq. cm. B-3 sq. cm. 

<J 33 „ 287 „ 8-7 „ 

? 48 „ 462 „ 06 „ 

<J 78 „ 635 „ 7-1 „ 

<J 102 „ 675 „ 6-6 „ 

Table II. Detailed measurements of surface of the gills of one side of a 
S Carcinus maenas weighing 75 grammes. 



Number of 

Surface 

of 

Total surface 

Gill 

lamellte 

average lamella 

of that gill 

1st 

95 

0*103 sq. 

cm. 

0*8 sq. cm. 

2nd 

114 

0 050 

„ 

5*7 „ 

3rd 

44 

0*103 

„ 

4*5 „ 

4th 

134 

0155 

„ 

20-8 

5th 

116 

0-308 


35-4 „ 

0th 

152 

0*288 


43*5 „ 

7th 

138 

0-407 

„ 

56*3 

8th 

133 

0-364 

#» 

48*4 „ 

9th 

129 

0*302 

t . 

39-0 „ 


Adding the surfaces together gives 2G3A sq. cm. as the total gill 
surface of one side and, since the gills are quite symmetrical bilaterally, 
D2G-8 sq. cm. would be the total respiratory surface of the crab; this works 
out at nearly 7-0 sq. cm. per gramme of body weight. 

b 2 
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effect was of cardiac or vaso-motor-origin. Tie section of both vagi 
abolished the effect (Fig. 2). The respiration, the record of which was 
taken but is not here reproduced, showed nothing to account for this 
variation in blood-pressure. It would therefore appear that there was in 
this animal a rhythmical alteration in the tonus of the vagus centre in the 
medulla caused by the direct action of the chloroform. 

As yet I have been unable to duplicate these results. 



Fig. 2. Blood-pressure tracing from dog under morphia and ether: at the first signal 
chloroform was substituted for ether: at the second and third signals the two vagi were 
cut. Time tracing in 10 sec. intervals. 


Respiratory surface in crabs. By 6. C. C. Damant. 

The following measurements of the total gill surface in crabs are put 
on record because these animals (a) have gills which lend themselves to 
accurate measurement, (6) there is no reason to suppose the surface to 
have any function (capture of food, etc.) other than the respiratory one, 
and (c) the integument of the animal is such that it cannot take any 
appreciable part in gaseous exchange. Hence the gill surface of this 
animal may be fairly considered to represent the total respiratory surface 
required by an active marine invertebrate. 

Method. 

The gills consist of pyramidical piles of heart-shaped lamella re- 
sembling the leaves of a book, which (in Carcinus maenas, the common 
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time when the pressure over-tops the systolic pressure. The whole of the 
phenomena which happen in the application of the armlet of the sphyg- 
momanometer to the human arm, in measuring blood-pressure, can be 
observed then in a frog’s lung when compressed, and in a most instructive 
manner. The pressure which it takes to atop the systolic pulse passing 
through is, as Roy found, some 25-30 cm. of water; the "diastolic” 
pressure may he determined at the point when the pulsation ceases to be 
marked as the pressure is lowered, e.g. in one case of a toad’s lung, for 
example the readings were : 

Systolic 31 cm. water. 

Diastolic 23 „ „ 

The pressure required to modify the capilloryflow in the tadpole’s tail, 
i.e. the capillary pressure, may be as low as -5 cm. of water in outlying 
capillaries. 1 to 3 cm. of water are pressures which generally modify 
capillary flow in the animals examined. 

There are some capillaries which require higher pressure than this, 
e.g. 5-6 cm. of water, Bueh as the capillaries in the papillco of the frog’s 
tongue. The substance of the tongue probably resists compression. On 
finding a net-work in the tadpole’s tail or frog’s web supplied by an 
arteriole in which the flow is modified by 1 cm. of pressure, in an adjoining 
net-work, supplied by another arteriole, and with a more rapid flow, 
perhaps 3 or 4 cm. may be required to modify the flow: but on the whole, 
as the result of the examination of a large number of animals, tho con- 
clusion reached is that the capillary pressure in cold-blooded animals 1 is 
exceedingly low, and never approaches anything like the figure which is 
usually given in the text-books. The flow in the veins is momentarily 
slowed by a pressure which is as low as that found in the capillaries. In 
tho mesentery, etc. the arrest of flow in vessels under compression, the 
reversal of flow by compression, and the setting up of flow through 
auastomatic pathways can be studied. Roy’s method is a most valuable 
one then for instructing students in tho principles of the circulation. 

If the leg of a frog after ligation is excised and the web placed on 
tho apparatus an intermittent pressure of 2-3 cm. of water will cause a 
to and fro flow no less rapid than tho normal flow. In such a web local 
flow may occur through slight variations of pressure due to posture, etc. ; 
application of warmth may start such a flow. 

1 The same holds good tor the capillaries in the car ot 
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2*he capillary blood-pressure. . By Leonabd Hill. 

Observations have been carried out on tbe measurement of capillary 
blood-pressure in cold-blooded animals: 

1. In tbe tadpole’s tail. 

2. In tbe toad’s lung, tongue and mesentery. 

3. In tbe frog’s lung, tongue, mesentery and web. 

4. In tbe bladder of tbe frog and toad. 

5. In tbe newt’s lung and mesentery. 

Tbe apparatus used is tbat of Hoy and Graham Brown (Journal of 
Physiology, 2, p. 323. 1879-80). 

A small cylindrical brass box is constructed 1 , with a side tube and a 
glass floor. On to tbe top of tbe box is tied a piece of transparent peritoneal 
membrane. Tbe membrane is not stretched tight, but tied on so tbat it 
has a dome-shaped form. Tbe brass box is surrounded with cork, so tbat 
tbe part which is under examination can be pinned out, e.g. tbe web of 
the foot, so tbat tbe transparent web lies over tbe top of the brass box 
in contact with tbe wet peritoneal membrane. By means of a sliding 
bolder a piece of glass is brought down so as gently to touch tbe wet upper 
surface of tbe web. Tbe side tube is connected by a T-piece with a water 
manometer, and with a length of rubber tubing closed at the distal end. 
Tbe tubing can be so compressed as to raise the pressure in the brass box, 
and compress tbe web of tbe foot between the peritoneal membrane and 
the piece of glass. The manometer indicates the pressure which is applied. 
In estimating tbe capillary pressure it is not just to take tbat pressure 
which shuts up tbe capillary and prevents flow, but tbe lowest pressure 
which, quickly applied, distinctly modifies the rate of flow. 

If a capillary net-work is shut up tbe pressure within it must rise to 
tbat within the arteriole which is supplying it. 

Take the case of tbe tadpole’s tail, when the distal part is compressed 
tbe blood-flow will be stopped at tbe pressure which causes the blood to 
take the pathway through the arterioles supplying tbe net-works in the 
proximal part which is uncompressed. 

Again in tbe case of the lung or bladder, wh&n tbe whole of tbe distal 
part is compressed, one cannot stop tbe flow until tbe pressure is greater 
than tbat in tbe arterioles supplying this part. As tbe pressure is raised- 
in the case of tbe lung for example — one sees tbe flow become pulsatile 
aUke in arterioles,’ capillaries and veins; tbe whole mass throbbing, and 
finally tbe pulse failing to pass through these vessels at one and the same 

i I am indebted to Dr E. Schuster for making this apparatus. 
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60 revs, a second. The stimulating current is derived from a potentio- 
meter and the two keys are connected so that A, is an in-circuit and A’ 
a short-circuit key; thus the current starts flowing through the main 
circuit when K„ is opened and stops when A', is opened, and the duration 
of each stimulus can be varied by altering the anglo between the two 
keys. 

The frequency of stimulation is varied by a second series of cams E 
driven by a worm reduction gear at fa of the speed of the main shaft. 
There are ten cam wheels with 30, 20, 15, 12, 10, 6, 3, 4, 3, and 2 cams 
on their circumference, and a single contact key A 3 on a eliding rod can 
be brought into contact with any of the wheels. The cams are arranged 
so that A 3 is closed during every 2nd, 3rd, 4th, 3th, 6th, 10th, 12th, 
lath, 20th or 30th revolution of the main shaft, and as K, is in the main 
circuit the currents generated by A', and A, can only reach the tissue 
when K 3 is closed. Thus the frequency of stimulation can be made l, 

|, J, etc., of the frequency of revolution of the main shaft by shifting 
E, from one cam wheel to another. Both the frequency and the duration 
of each stimulus can be altered in a few seconds whilst the motor is 
running, and the exact values can be determined at once by reading 
the speed of the motor, the angle between Aj and A, and the position 
of AY 

The form of the current waves is shown in Fis. 2 which gives a record 
of the potential difference at the electrodes measured by analysing a 
capillary electrometer photograph. Each stimulus lasts '0023 sec, and 



the interval between them is *0153 v - 

Mtor it would be possible to vary the texts *** 
46015 src. to *0039 sec. and to increase Y' S' i * 
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A rotating contact breaker designed by Keith Lucas. By 
E. D. Adrian. 

For ike investigation of conducting tissues which approach the reflex 
arc in complexity it is generally necessary to employ a series of stimuli, 
and in order to control all the variable factors in stimulation we must 
be able to alter independently the form (i.e. the strength and duration) 
of the individual stimuli and also their frequency. In 1914 Keith 
Lucas constructed a rotating contact breaker which interrupts a con- 
stant current and produces a series of stimuli of which the duration and 
the frequency can be rapidly and independently adjusted over a wide 
range. The general arrangement of the instrument is shown in Fig. 1. 



A motor A rotates the main shaft B at a constant speed controlled by 
a rheostat R and measured by the speedometer 0. On the main shaft 
are two cam wheels D x and Z> 2 which open and close two contact keys 
K x and K 2 once in every revolution. The keys are specially designed for 
working at high speeds: a light steel wire is tightly stretched on a brass 
frame by a set screw, the wire carries a small steel Shoe S which engages 
with the surface of the cam, and a platinum contact P x which is forced 
up against the platinum point P 2 when the cam presses the shoe out- 
wards. When the step in the cam is reached the shoe S falls back and 
contact is broken. As the inertia of the wire is very small and its tension 
high, the shoe will follow the contour of the cam faithfully without lag 
or overthrow although the cam wheel is running at speeds as high as 
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the urine produced by the phosphate tide, or is the variation in the rate 
of excretion of phosphoric acid a result of the alkaline tide, or are the two 
phenomena distinct and independent of each other? 

Some experiments have now been carried out to see whether the 
output of phosphoric acid can be diminished by procedures which arc 
known to affect the reaction of the urine. Forced breathing performed 
for a few minutes will make the urine alkaline at a time when the 
secretion is normally acid. If this is done at a time when the phosphate 
output normally rises, about noon, the rise may be diminished or delayed 
but is not effaced even by a considerable change in the reaction of the 
urine in the direction of alkalinity. If this is done at a time when the 
phosphate output is high, in the evening or at night, the hourly output 
is diminished but will remain higher than at the slack of the phosphate 
tide although the reaction of the urine is made far more alkaline by the 
hyperpncea than it is at that time otherwise. 

The time of day at which the phosphate output is highest suggests 
further that it is so because the intake of phosphorus with the food 
taken during the day causes larger amounts to appear in the urine ns the 
day advances. 

But that this does not explain the phenomenon, though it contributes 
an element in it, is shown by the rates observed in three normal subjects 
who took no food for a period of thirty-six hours: in all three cases the 
output of phosphate was lowest in the early hours of the day and rose 
very considerably in the afternoon to values double those observed 
earlier, or even more than that. The stoppage of intake of phosphorus 
may cause the minimum rate to occur earlier in the morning but leaves 
the maximum rate in the afternoon a conspicuous feature of the curve. 

The ebb and flow of phosphate output is therefore an independent 
phenomenon although the reaction of the urine is not without effect 
upon it. Whether it is due to more brisk metabolism of nerve or of muscle 
or other tissues during the waking hours these experiments do not suffice 
to show. Other experiments are necessary also and are in progress for 
the elucidation of the relation betweenphosphate output and the reaction 
of the urine. 

A note on the brown granules found in some endocrine organa. 

By It. K. S. Lim. 

These granules have been noticed in the suprarenal cortex of the cat, 
the corpus Iuteum of the rabbit and the pars nervosa of the human 
hypophysis. In unstained formol-fixed preparations tin. 
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The excretion of phosphoric acid in the urine. By H. C. Broad- 
hurst, Beit Memorial Research Fellow, and J. B. Leathes. 

Figures have been obtained in earlier experiments which show that 
there is a remarkable variation in the rate at which phosphoric acid is 
excreted in the urine at different times in the day. 

Cathcart, Kennaway and Leathes 1 published figures from 
which it may be seen that if the maximum rate, which occurred always 
in the evening, be put as 100 the minimum rate, which occurred always 
in the forenoon, will figure as 48, 39 and 32 in the three subjects re- 
spectively. These results are the average from a number of consecutive 
days, 16, 26 and 27 respectively, during which the diet was uniform and 
the same. 

In a long series of water tests carried out on patients suffering or 
recovering from war nephritis and on normal persons the output of 
phosphoric acid was determined in about a hundred cases before and 
during the diuretic response. Details will appear elsewhere: it is sufficient 
here to note that whatever the degree of diuresis the hourly output of 
phosphoric acid was invariably less during the diuresis (in the forenoon) 
than it had been during the night before the water was taken. This holds 
for normal subjects, in whom the hourly output of water increased 
six fold, in patients recovering from nephritis in whom it increased to 
from four to eight fold and in those who showed little or no diuretic 
response. In the different groups of cases the diminution of the hourly 
output of phosphoric acid varied from 25 to 50 p.c. the latter figure being 
the one obtained in normal subjects. 

The fact that the urine tends to have a less acid reaction in the 
forenoon, raises the question whether the diurnal curve of phosphoric 
acid excretion is determined by the curve of acidity 2 , or whether it has a 
physiological significance of its own. 

Moreover in view of the results of Trevan 3 who found that the 
perfusion of the frog’s kidney with Ringer’s solution gave an alkaline 
urine while perfusion with a phosphate solution of a certain slightly 
alkaline reaction gave a secretion that was more acid, a different question 
arises, whether the greater acidity of the urine in the afternoon and night 
may not be due to the fact that there is more phosphate to be excreted 
at this time of day. In other words, is the diurnal tide in the reaction of 

1 Quarterly Journal of Medicine, 1. p. 416. 1908. 

2 Cf. Magnus Levy, in von Noorden’B Pathologie dts Sloffwechsels, Bd. i. p, 43". 

3 Trevan. This Journal, 50. p. xv. 1916. 
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by extracting fresh carrots with alcohol. 1 have prepared a similar 
extract, which contains only the smallest traces of neutral fat, hut wliich 
is fairly rich as a source of the factor A. 

Young rats, weighing shout 50 gins (4 whs old) were fed on a basal 
ration composed of caseinogen and starch, both rendered as fat-free as 
possible by repeated extraction with alcohol and other, inorganic salts, 
orange juice and yeast extract. Of these constituents only the yeast 
extract contained a small amount of substance soluble in ether. In 
addition to this diet, the animals received a daily ration of 5 c.c. of the 
concentrated carrot extract, which was administered before their day’s 
food was given. 

All the animals except one remained in good health for nearly six 
months, and showed considerable growth, although the rate was irregular 
and on the whole sub-normal. Unfortunately these experiments were 
interrupted before a conclusive result could be obtained, but it would 
appear probable that the mammalian organism can exist without 
receiving fat in the food. At the close of the experiment the animals 
were in good health, and showed no signs of the decline which is asso- 
ciated with an absence of the fat-soluble factor A. Considerable deposits 
of body-fat were found at post-mortem examination. 

The diet was not strictly free from neutral fat, aB the following 
figures will show:— 

Percentage of fat (ether extract) in basal diet . . . O'OO 

Percentage of true neutral fat ... ... approx, 0 0i> 

Average weight of daily ration consumed ... ... lOg. 

Daily fat intake in basal diet ... ... 9 mg. 

Ether extract of G c.c. carrot fraction (mainly lipoid 
matter and pigments, less than half neutral fat) ... 11 nig. 

Approximate daily intake of neutral fat ... 14 mg. 

Unless this minute amount of fat plays as important a role in the 
metabolism of the organism as do the minute quantities of such sub- 
stances as the accessory factors, it is reasonable to suggest that pure 
fats are dispensable constituents of the mammalian diet. This does not, 
however, diminish the value of fats in the food, for one is led to think 
that the subnormal growth observed in these experiments is largely due 
to the difficulty of balancing the protein level and calorific intake on a 
diet cohtnining no neutral fats. 
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but with methylene blue they take on a deep green colour. Other dyes 
have no characteristic effect. They are not lipoids nor do they contain 
iron, and they occur in the connective tissue cells of the organ in which 
they are found. 

In the cat suprarenal, these granules occur in the connective tissue 
under the capsule and in the trabeculae which pass down towards the 
medulla; they may even be found in isolated masses within the zona 
reticularis. They have been observed in all the six cats examined, and in 
most amount in a pregnant animal. None, however, could be seen in the 
suprarenals of the dog, rabbit and rat. 

Similar granules were found in the cicatrized centre of the corpus 
luteum of two rabbits. The granules gave the typical reaction with 
methylene blue and were contained within irregularly branched cells. 

The two human pituitaries examined were from recent cases of 
hsemorrhage in the brain stem. The granules were present in a great many 
of the cells of the pars nervosa. Their appearance resembled that seen in 
the two former regions. Pituitaries of the cat and ox do not contain them. 

Examination of the other organs and of the areolar tissue from various 
regions in the same animals have been negative. 


Nutrition on diets practically devoid of fat. By J. C. Drummond. 

Much discussion has been devoted to the question of the dispensa- 
bility of fat in the diet of the mammalian organism, but no definite 
decision has been reached in the absence of experimental proof. Earlier 
researches have, however, yielded inconclusive results owing to the effect 
of complications which were not then appreciated. Stepp’s experi- 
ments showed that an addition of neutral fat would not restore the 
nutritive value of foods which had been extracted with alcohol and 
ether, and, further, Osborne and Mendel reported that young rats 
would live and show growth for some time when fed upon artificial food 
mixtures which were practically fat-free. These results led up to the 
discovery of the fat-soluble accessory food factor; a discovery which 
made it obvious that the solution of the problem of the dispensability 
of fat could not be achieved until it was possible to prepare a diet con- 
taining the factor A, but no neutral fat. During the research which 
is briefly reported here many attempts were made to prepare a fraction 
from butter or cod liver oil, which should satisfy these requirements, 
but without success. Dr Zilva, of the Lister Institute, was, however, 
kind enough to inform me that he had prepared a highly active fraction 
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obtained by etber in a Soxhlet apparatus. After this treatment, it was of 
greyish colour and contained about 11 p.c. of nitrogen. About 200 grams 
were obtained from 70 kilos of the soft parts of the leaves (from which tho 
coarser mid-ribs had been separated) which were got from 135 cabbages. 

On further examination the powder was found to contain small 
amounts of substances soluble in water (apparently carried down from 
the main bulk of the fluid by adsorption) and the remainder could be 
separated into two approximately equal portions, one of which was 
soluble in dilute alkalis, and the other insoluble in solvents. The latter, 
although admixed with a certain amount of mineral matter, was found 
to contain 12 p.c. nitrogen and only very small traces of phosphorus. 
Prom the alkaline solution an amorphous acid could be precipitated by 
mineral acids. This contained 11 p.c. nitrogen and 07 p.c. phosphorus, 
and possibly contains a small amount of nucleoprotein. Products of this 
character are probably widely distributed in plant tissues and similar 
substances have been obtained by the same methods from pea-pods (both 
the acid and insoluble substances), although in this case they were 
admixed with appreciable amounts of starch, from which no doubt it will 
be possible to separate them by means of diastase. 

The principle involved in the separations described above has, so far 
as we know, been employed only, if at all, to a very limited extent. 
Products insoluble in water have been separated from the tissues, by 
obtaining them in a colloidally dispersed form, and subsequent floccula- 
tion. This result has been attained in the case mentioned abovo by 
lowering the surface tension of water by ether. It may be possible to 
stabilise the colloid further by the addition of salts containing multivalent 
ions with an opposite charge, and to follow by flocculation methods 
usually employed in such systems. Researches arc now proceeding with 
the object of developing this method, and of characterising more fully the 
products already obtained. 
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The isolation of proteins from leaves. By A. 0. Chibnall and 

S. B. Schryver. (Preliminary Note.) 

Although proteins have been detected by microscopic methods in 
leaves, very little is known of their properties, and no one has, until 
recently, succeeded in isolating them from the plant tissues. Within the 
last week or so a pamphlet has been received from Professors Osborne and 
Mendel (Year Book, No. 18 of the Carnegie Institute for 1919, pp. 352- 
360) in which, in a couple of short paragraphs, they give a preliminary 
account of the isolation of proteins from spinach leaves by boiling the 
dried material with 60 p.c. alcohol containing 0*2 p.c. potassium hy- 
droxide. 

We have been engaged for some time on similar investigations and 
have now available considerable quantities of complex nitrogenous 
substances obtained from cabbage leaves, but by a method fundamentally 
different from that described by Osborne and Mendel in the pamphlet 
just referred to. 

The work was started in 1916 by one of us (S. B. S.) in conjunction 
with Miss Laura M. Saunders, but had to be abandoned after some 
months owing to the pressure of other duties. It was re-started by us last 
winter and has since been continued without intermittence, and we availed 
ourselves of the preliminary results obtained by Miss Saunders. 

The ultimate object of the research was the investigation of the 
nitrogenous metabolism of leaves, and the immediate object the separa- 
tion and isolation of the various groups of nitrogenous substances. 
Cabbages were chosen, not because they form ideal material for the work, 
but because they were obtainable in quantity in London at the time the 
research was started. 

The method employed was to treat the disintegrated material with 
water containing a cytolytic agent and, as a result of the quantitative 
work of Miss Saunders, water saturated with ether was employed. The 
extract made by this solution, after pressing from the cabbage residues, 
was opalescent, and after evaporating off the ether in a current of air, 
slowly deposited a flocculent precipitate. The precipitate formed very 
quickly, however, on warming gently (from 40°-60° C.). It rapidly 
settled and the clear liquid could be easily decanted off. The precipitate, 
which was found to consist chiefly of complex nitrogenous substances, 
was of greenish colour, and was drained on folded filters and washed with 
graded strengths of alcohol, then ether and finally dried. An amount of 
lipoids and green pigment could be extracted from the powder thus 
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the apparatus was modified so that carbonate as well as Mood was 
aerated before mixing. 

By the aeration method the demonstration has been repeated four 
times on defibrinated blood from three men, and six times on blood 
from two different sheep. The carbonate may be added in almost any 
concentration, but a high concentration gives a small yield of C0 2 . 
The best results were given by adding to 10 c.c. of blood, from 0-02 to 
0-05 gm. of Na 2 C0 3 dissolved in 5 c.c. of water free from C0 2 . 

Reduced blood also liberates C0 2 from carbonate. This was demon- 
strated by using a stream of hydrogen gas in place of air. 

On substituting serum for defibrinated blood, the demonstration 
became more difficult. Pflliger(2) was never able to pump out all 
the C0 2 already present in serum. According to Moorcti), however, 
it is possible to remove all the CO. by prolonged aeration. By aerating 
sheep serum in our apparatus for over an hour the removal of C0 2 
was too incomplete to give a definite result upon the addition of car- 
bonate. Sertoli(5) showed that other protein solutions, namely, lens 
globulin and serum globulin, would decompose sodium carbonate in a 
vacuum. 

In criticism of Buckmaater’s performance of the Pfliiger experi- 
ment, in wbicb he used a mercury pump, it may be suggested that he 
seems to have failed to boil the mixture of blood and carbonate in the 
vacuum. Any carbonic acid formed will remain in solution until ex- 
tracted by some vigorous means, such as boiling, shaking, or bubbling 
gas through the mixture. 

The result of tliese experiments should clear up much of the mis- 
understanding which has arisen in recent years concerning the mode 
of combination of CO, in blood. It seems clear, as Zuntz(0! argued 
forty years ago, that tho whole of the C0 2 chemically combined in the 
blood of the living body is present as bicarbonate. 
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The liberation of C0 2 from carbonate by blood and serum. 

By E. F. Adolph. 

It was demonstrated by Setschenow(i) in 1859 that nearly all 
the C0 2 could be pumped from blood without the addition of acid. 
A few years later Pfliiger(2) showed not only that all the C0 2 could 
be removed by an efficient pump, but that blood would even liberate 
C0 2 from sodium carbonate added to it. Buckmaster(3) has repeated 
Pfluger’s experiment, with a negative result. 

Dr J. S. Haldane suggested an easy method of testing Pfluger’s 
observation, without the use of the blood-pump. An air current, freed 
of all traces of C0 2 by passage through a pair of soda-lime tubes, is 
bubbled through blood, and finally through a tube containing baryta 
solution. The tube containing blood is immersed in a water bath at 
40°; amyl alcohol is added to inhibit foaming; and the stream of air is 
driven through the apparatus by a water-pump at the rate of about 
400 c.c. per minute. Under these conditions no more C0 2 is driven 
from the blood into the baryta solution after about 30 minutes. If acid 
be added to the blood at this time, there is no C0 2 evolved, indicating 
that Pfluger’s statement concerning the complete removal of C0 2 
without adding acid is correct. The aeration is now interrupted, and 
sodium carbonate solution is introduced into the blood tube without 
allowing room air to enter. In the first minute after resuming aeration 
a fresh baryta solution is well clouded by C0 2 coming from the blood 
mixture. C0 2 continues to be evolved for an indefinite time, with 
gradual diminution in the rate of its production. 

It is well known that sodium carbonate alone will not yield C0 2 
without the addition of acid. This was confirmed by experiments in 
which carbonate alone was aerated in place of blood. In several trials 
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lamp acts as a constant source of heat and the box and the chimney 
are cooled by radiation and convection. 

Under satisfactory conditions on ideal summer days with the windows 
open the Comfimeter standing on the table in my room indicates a 
temperature of about 25° 0. In a close room heated with hot water coils 
on and the windows shut the Comfimeter indicated a temperature of 
40° C. If the Comfimeter be sheltered from wind by a screen of cotton 
material placed around it, it will indicate in place of say 30° C. a tempera- 
ture of 45° to 50° C., while the dry bulb thermometer, standing within 
the same screen will only vary a degree or two as the result of screening. 
These figures show how sensitive the Comfimeter is to the cooling power 
of the wind. It must of coarse be given time to get in equilibrium with 
the environmental conditions. 

When the Comfimeter indicates 30° C. the Katathermometer gives 
a cooling power of about 7 millicalories per square centimetre per 
second. So long as schools and factories ore kept with the Comfimeter 
indicating somewhere about 30° C. fresh conditions suitable for work 
will be obtained. 

The instrument is made by Siebe German, Ltd., 187 Westminster 
Bridgo Rd., S.E. 


Formation of a new “ Compressor Urethra: ” muscle in a boy 
who suffered from incontinence due to congenital defects. 
By Ralph Thompson. 

S.W., well developed male subject, set. 16, was admitted to Guy’s 
Hospital suffering from incontinence of urine. 

The following anatomical conditions were present: 

(1) A deformed penis with no true urethra. 

(2) A oircular opening situated upon the dorsum of the penis. 
This opening was constantly open, and urine was continually dribbling 
away through it. 

(3) The pubes were not united across the middle line, but were 
separated by a distance of more than one inch. 

(4) There was a bladder capable of holding not more than fivo 
ounces of fluid, and which could be entered through the hole described 
under para. (2). 

The condition, therefore, was one of epispadias, or congenital penile 
fistula. This latter term is preferable as “epispadias” implies * s 
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The ventilation thermometer or 
comfimeter. By Leonard Hill. 

In order to keep comfortable con- 
ditions in rooms by determining tbe 
cooling power by convection or radiation 
— convection depending on tbe tempera- 
ture and movement of tbe air — I have 
designed an instrument, wbicb I call a 
“Comfimeter.’' This takes tbe place 
of tbe Katatbermometer for ordinary 
civilian use. Tbe Katatbermometer re- 
quires to be heated in water, and tbe 
cooling rate measured as tbe meniscus 
drops from 100° to 95° F. Tbe warming 
of tbe Katatbermometer and tbe time 
measurements are against its popular 
use. Tbe Comfimeter is an instrument 
wbicb can be read at any time just as 
tbe ordinary dry bulb thermometer; it 
consists of a cylindrical metal box 18 cm. 
high and 10 cm. in diameter, in which is 
inserted an 8 candle-power carbon-fila- 
ment lamp, tbe lower part of tbe box 
being removable for this purpose. On 
tbe top of tbe box is fixed a metal cone, 
wbicb in its turn forms a union with a 
chimney 25 cm. long and 2\ cm. in dia- 
meter. There are some boles in the lower 
and upper part of tbe box for purposes 
of ventilation.. An ordinary dry bulb 
thermometer is introduced into tbe chim- 
ney so that tbe bulb bangs within it to a 
depth of 9 cm. Tbe thermometer rests on 
tbe top of a chimney by means of a wire 
which is twisted round its stem in a suita- * 

ble fashion. There are two discs of gauze ^ 
through wbicb tbe stem of the thermo- i 
meter passes to give it a central position i 
within tbe chimney. The 8 candle-power 
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after the operation; but could not exercise much control over the flow 
of urine during the day — in fact there was very little if any control. 

He was instructed to bend his head forcibly forwards when he 
desired to hold his water, and on 16th July he held his water, standing 
up or walking about for 11- hours. On 18th July he held his water for 
15 hours and passed it in my presence. There was a good stream. 

On 26th July he held his water for 3 hours. 

After History. 

Patient continued to hold his water well. He entered my service 
and did his work well. There is a slight forward inclination of the body 
upon the thighs when he walks, and I noticed that he preferred to stand 
rather than sit about. This peculiar gait may however be due to pain 
associated with the formation of a right renal calculus for which he was 
re-admitted to Guy’s Hospital, and the stone was removed. 

The right kidney was very small and pale, but it was not removed. 

Date of operation for Nephrolithotomy, 10th September. 

Before the operation on this date he had incontinence, and although 
patients with assumed normal nervous conditions do suffer from incon- 
tinence of urine as a symptom of renal calculus, in this particular case 
the incontinence may be associated perhaps with the fact that the fibres 
which control the patient’s compressor come down along a nerve which 
is intimately associated with the kidney. 

For some little time after the second operation in Guy’B Hospital 
the patient had incontinence but on tho 28th September the sister of 
the ward reports that he is holding his water well, and does not wet his 
clothes. 


Note on the sense of smell. By H. Hartridoe. 

An experiment frequently quoted (i), (2) as showing that the air must 
be in motion in order that the sensation of smell should be aroused is 
one in which an unstoppered bottle of an aqueous solution of ammonin 
is held near the anterior narcs, the posterior nares being closed or tho 
breath being held so that no current of air is caused to circulate past 
the olfactory epithelium. 

Under these circumstances the sting of the ammonia gas is strongly 
felt by tho nasal mucous membrane, but the smell of the gas is not 
perceived. But if now the bottle be removed and the experimenter 
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parison with “hypospadias.” There is in fact no comparability between 
the two conditions. 

The failure on the part of the pubes to unite in the middle line points 
.to a real connection between epispadias and “ectopia vesicae.” 

The problem was to provide a compressor muscle in order to prevent 
the constant passage of urine, which had led to the boy being a constant 
inmate of public institutions. There was a possibility of finding a perineal 
compressor, and this received consideration but the anatomical condi- 
tions, forming the foundation of such a surgical procedure, were not 
considered favourable. 

The possibility of a portion of the rectus abdominis muscle being 
used as a compressor was considered and the following facts as regards 
its anatomy were elicited. 

1. Nerve supply. The lower two-thirds of that portion of the muscle, 
which lies below the navel, was found to be supplied by fibres coming 
along the twelfth dorsal nerve, which splits into two branches and 
enters the outer border of the muscle one branch proceeding upwards, 
and one downwards. 

2. Vascular supply. The deep epigastric artery passes obliquely 
upwards and inwards on the posterior surface of the rectus muscle to 
which it is adherent and gives off, as it proceeds, segmental branches, 
which lie fairly near each other. 

3. Position. The rectus muscle lay near the urinary orifice and could 
be turned downwards with the least possible interference with its 
functions as a possible compressor. 

Operation. 

The lower two-thirds of that part of the right rectus abdominis 
which lies below the navel, was divided from the upper part. , No effort 
was made to see the twelfth dorsal nerve, or the insertion of the muscle 
into the pubes. The deep epigastric artery was divided and ligatured. 
The lower parts of the muscle, and artery, were then turned downwards’ 
and the (true) upper end of the muscle was split .longitudinally for li 
inches. The split muscle was then laid round the urinary orifice in a 
special bed prepared for it — the ends of the muscle were sutured to 
each other and to the tissues on the underside of the urinary orifice. The 
wound was then closed up. 

The operation was performed on oth June, 1920. Patient was holding 
his water all night, approximately about 26th June, i.e. three weeks 
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already dissolved by the olfactory mucous surface (since in order to 
arouse a smell, presumably a certain quantity of the odorouB substance 
is expended in order to bring about those chemical (or physical) changes 
which are at the basis of the sensation of smell). A further factor in 
the cessation of the stimulus may be accommodation on the part of 
the olfactory epithelium to the static conditions that now exist there. 

REFERENCES. 

(1) Haycraf t in Schafers’ Text Book, 2. p. 1256, 

(2) Greenwood. Physiology of the Special Senses, p. 42. 1910. 


Surface tensions of oil-water interfaces. By H. Hap.tmdge and 
R. A. Peters. ( Preliminary Communication.) 

We have found that the surface tension developed at the interface 
between an oil and water varies with the hydrogen ion concentration 
of the water. This is shown in the photograph (Fig. 1). When the H ion 
concentration of the fluid is low (acid), the surface tension is high and 



P.H 0 8 7 0 5 4 

vice versa. Near the neutral point, using olive oil, there is a fall in the 
surface tension of about 35 % for a change of P u = l’O. The experiments 
have been performed by both the capillary height and drop weight 
methods, which gave concordant results. In the case of paraffin and 
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holding his nose walks into another room, and an inspiration be then 
made through the nose, immediately a powerful smell of ammonia is 
recognised. 

It would seem that the conclusion drawn from this experiment that 
the air must be in motion past the olfactory epithelium in order that a 
smell should be perceived, is without a firm basis since an alternative 
and more plausible hypothesis is able to account for the facts: when the 
mouth of the bottle is first held near the nose the ammonia vapour 
enters the nasal cavity by diffusion and reaching the moist mucous 
membrane is immediately dissolved. As more enters, this also is dissolved, 
until the tension of the gas at the surface of the mucous membrane 
is equal to that in the air. When this is the case, the gas penetrates more 
deeply and thus reaches fresh mucous surface, where it also dissolves. 

Now it is only when the whole area of mucous membrane between 
the anterior mares and the olfactory area is partially saturated, that any 
appreciable quantity of the gas reaches the olfactory mucous membrane 
itself. As a rule, long before this becomes possible, the nasal branch of 
the Vth nerve (which supplies the general mucous membrane of the 
nose with sensibility) has received stimuli so painful that the subject 
terminates the experiment. The reason for the gas not acting as an 
odour is not therefore because the air is not in motion, but because the 
gas goes into solution before it reaches the olfactory mucous membrane. 

In the case of most odorous substances two further factors beside 
solubility act against their reaching the olfactory mucous membrane 
unless there is a definite air current: (1) their slow rate of diffusion, and 
(2) the fact that air containing them has a greater specific gravity than 
that of pure air. Thus, if the experiment be tried with chloroform, the 
vapour can be felt trickling along the floor of the nasal fossal without 
the smell of chloroform being observed. 

There is a further experiment that at first sight is at variance with 
the solution hypotheses outlined above. Namely, that if the nasal cavity 
be filled with the vapour of an odorous substance and the movement 
of the vapour be then stopped suddenly by either pinching the nose, 
or by voluntarily blocking the posterior nares, then the sensation of smell 
rapidly wanes. It might be thought that the cessation of movement 
of the air over the olfactory mucous membrane was responsible for the 
disappearance of the sensation. It is more likely, however, that in this 
case also it is the rapid solution of the odorous particles from the air 
as they come into contact with the membranes of the nasal cavity, 
coupled with the using up of the molecules of the odorous substance 
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In the method of mixtures a quantity of woll-stirred dcfibrinatcd 
blood is divided roughly into two parts. 0 no of them is well shaken 
with air, the other with CO gas. Various mixtures of measured volumes 
of these two liquids are now prepared, the assumption being mado that 
the mixtures will have a CO saturation that can be calculated from the 
amounts of the two constituents. Such is not the case, however, because 
when blood is shaken with CO gas not only does a part combine with (and 
if enough CO be used and shaking continued long enough) completely 
saturate the hemoglobin but also a further variable and unknown 
amount of the gas dissolves in the plasma. (Experiments are also 
to be published later which show that CO combines with the plasma 
proteins. The amount is not large however.) The full amount of CO in 
solution in plasma at N.T.P. is about 3 % per volume, so that a mixture 
of equal parts of blood saturated with air and CO (which van Slyko 
assumed to contain hfemoglobin 50 % saturated with CO) is found by 
calculation (and experiment confirms the value) actually to contain 
57-5 % CO Hb, owing to the fact that the CO in solution has itself 
displaced the oxygen from 7-5 c.c. of the blood shaken with air. Tho 
differences between the calculated and the actual CO saturations for 
other mixtures are given in the following table: 


% blood in mixture 
uutiaYiy eitura'ied 
with CO 

Calculated 

saturation 

Actual 

%CD 

saturation 

DifTcrenco 

100 

100 

100 

0 

75 

75 

86-25 

11-25 

50 

50 

67-5 

7-5 

40 

40 

40 

0 

30 

30 

34*5 

45 

20 

20 

23 

3 

10 

10 

11-5 

1-5 

0 

0 

O 

0 


It will bo seen that the differences are considerable. 

Now the figures in the last column conld be used for correcting tho 
calculated % if it were not for tho fact that it is very difficult to bring 
a quantity of whole blood into equilibrium with CO even at a high 
tension. The reason for this appears to be that the complete solution 
of CO in the plasma is much less readily -efiectcd than the complete 
saturation of the hemoglobin with the gas. 

In my opinion the method of mixtures is unreliable even when the 
corrections indicated are applied to it, as a rule it would appear to be . 
better to devise some other method which does not sufler from the same 
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water, no such fall was observed, and in the case of benzene the fall was 
variable and very small. 

It has seemed to us that oils largely consisting of pure esters, e.g. 
• specially treated olive oil, castor oil, nut oil, cod-liver oil gave the largest 
and most constant variations with P H . On the contrary oils containing 
soaps or fatty acids as impurities gave values of surface tension, which 
decrease rapidly as time goes on. This fact was confirmed by measuring 
the interfacial tension with olive oil to which oleic acid or soap had 
been added. A satisfactory method of removing these bodies for the 
purpose of surface tension determinations was boiling for a number of 
hours in contact with a considerable excess of frequently changed tap- 
water. Temperatures between 20° C. and 40° C. were found to have little 
effect upon the interfacial tension at the water olive oil interface. 
Further experiments are in progress, as it is hoped to develop the above 
method into an accurate technique for estimating hydrogen ion con- 
centrations, of physiological liquids. 

The striking difference between the behaviour of a benzene-water 
and oil-water system to changes in the reaction of the water, seems to 
be in support of the views upon the chemical nature of surface forces, 
originally proposed by Hardy(i), and subsequently developed by 
Langmuir(2) and Harkins(3). It is also in keeping with Langmuir’s 
observations upon the. effects of acid and alkali upon films of oil and 
fatty acid spread upon water. 

Note. Harkins, Davies and Clark remark that the change of 
surface tension at a benzene-water interface is too small to account for 
movements of muscles. The argument however does not seem to us 
valid. Fats and fatty acids are constant constituents of tissues, and 
our experiments indicate that with such systems as these, considerable 
changes in surface forces occur when the reaction changes. 

;i) Hardy. Proc. Eoy. Soc. 88 a. p. 303. 1913. 

(2) Langmuir. J. Am. Chem. Soc. 39. p. 1883. 1917. 

(3) HarkinB, Davies and Clark. J. Am. Chem. Soc. 39. p. 541. 1917. 

The method of mixtures as applied to the calibration of instru- 
ments for measuring’ the CO in blood. By H. Hahteidge. 

The method of mixtures first used by Haldane and Smith (l) f° r 
calibrating the carmine method, has recently been employed by van 
Slyke and Salvesen(2) for testing the accuracy of their gas analysis 
method of estimating CO in blood. 
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(6) .The idea o£ hunger can be demonstrated to produce rapid 
emptying of the stomach; whether it also excites secretion I cannot 
definitely say. 

(7) Any stimulus which, whilst gastric secretion is in progress, 
causes the stomach to empty more rapidly, must thereby cause an 
increase in the acidity of the gastric contents. 

(8) Massage of the abdomen, as usually performed, delays, rather 
than quickens,- the emptying of the stomach. 

(9) The majority of human stomachs are never empty between the 
hours of 8.30 a.m. and 1.30 a.m. 

(10) Bile is present in the gastric contents of a large number of human 
subjects at frequent intervals during the day. 

(11) The vagal influence on the secretion of gastric HC1 is demon- 
strated by the effect of atropine whether given hypodermically or as 
a wash before the meal. 

(12) Pilocarpine increases motility, but I have not been able to 
demonstrate that it increases gastric secretion; this may be due to the 
excessive salivation produced which tends to dilute the gastric contents. 

An electrically heated kata-thermometer. By Leonard Hill and 
D. Hap.oood-Asii. 

The electrically heated kata-thermometer is a modified form of the 
ordinary “kata,” the heat being, in this case, supplied by passing a 
known current through a small coil of high resistance wire fused into 
the bulb of the “kata” by means of platinum leads. The bulb is the usual 
size and shape but the stem is made long enough to allow of a calibra- 
tion from 28° to 44° C. 

In the ordinary “kata” the heat loss per second, H, varies with 6, the 
difference of temperature between the mean temperature of the range 
of cooling and the air temperature, according to the equation: 

H = (-27 4- -49 Vv) 8 
where v is the wind velocity 1 . 

If a steady current is passed through the coil of the electrical “kata,” 
a constant amount of heat will be supplied per second and when the 
“kata” reading is constant, it follows that the heat loss is also constant 

1 A more extended investigation of winds has given us the lormula ifr=i*12 + -M V ' 

‘ ns holding over the range of velocities particularly the lower ones ‘ . r ‘ 

vioosly investigated, * 
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inaccuracies ( e.g . the double wedge trough method (3)),. or to compare 
the values given by the method of estimating CO which is under test 
with some standard method of known reliability such as the blood gas- 
pump. - 

REFERENCES. 

(1) Haldane and Smith. This Journal, 20. p. 611. 1896. 

(2) van Slyie and Salvesen. Joum. Biol. Chem. 40. p. 103. 1919. 

(3) This Journal, 44. p. 1. 1912. 

Observations made by means of the fractional method of gastric 
analysis. By T. Izod Bennett, with the assistance of Messrs 
P. McG. Moffatt, Mitchell, A. T. W. Powell and others. ( Pre ■ 
liminary Communication.) 

Some seventy normal men have now been investigated by this 
method, pathological cases being excluded by clinical examination, and 
many of my results have been checked and elaborated by means of 
radiographic examination. This latter part of the work has been carried 
out by Dr P. J. Briggs. 

Dr J. A. Ryle has made many parallel observations on the patho- 
logical side; and Dr J. F. Venables has helped me with the hypnotic 
portion of the research. 

The following are our chief results: 

(1) In normal healthy men curves of. gastric acidity can be obtained 
which include those types which the pathologists have called Hyperchlor- 
hydria , Hypersecretion and Achlorhydria. 

(2) At least four groups of normals can be distinguished: 

(a) Those whose free acidity exceed 60 c.c. of Nj 10 NaOH %. 

(b) Those whose free acidity is below 20 e.c of N/10 NaOH %. 

(c) An average intermediate group. 

(d) A group of average acidity but with very rapidly emptying stomachs. • 

(3) The psychic secretion of gastric juice in man is so slight that I 
have been unable to demonstrate it; hypnosis, the exhibition of food, 
and actual tasting and chewing of food being without effect. 

(4) A de fini te secretion of HC1 can often be provoked by water, 
whether swallowed or injected directly into the stomach. 

(5) The emotions of fear and nausea can by this method be demon- 
strated to produce strong sympathetic inhibition of secretion and 
motility. 
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then in the still air chamber it would have given this reading if the 
temperature fj had been given by 

l i — $1 ~ 22-2 .... (iii) 

obtained from equation (ii), and the kata cooling power in still air 
at temp. t lt expressed in terms of cooling over the normal Tange is 
given by 

= -27 (36-6 - if) 1 

= -27 (36-5 — + 22-2) substituting from (iii) f (iv) 

= -27 (58-7 - &) 1 

therefore the cooling power is known when the value of cji 1 is observed. 
This relation between II and <j> being linear, a straight lino graph may 
be plotted and the cooling power read off directly. 

The instrument is made by Mr J. Hicks, 8 Hatton Garden, E.C. 


A clinical method for the quantitative determination of the 
creatinine-creatine content of urine. By David Burns. 

As in recent years the quantitative determination of creatine and 
creatinine has assumed clinical importance, the following simple method 
which has been used with success by some 1200 students and which 
involves the provision of no expensive apparatus, was devised for 
ordinary medical class and clinical work. 

Apparatus for Creatinine Estimation: 

Haldane (or Sahli) luemoglobinometer graduated tubes of 
about 8 mm. diam. 

Flask or cylinder with a capacity of over 250 c.c. with a mark 
ut 250 c.c. 

Pipettes, 5 c.c., 10 c.c., 15 c.c. 

Capillary dropping pipette (ungraduated). 

Solutions: 

Standard solution of potassium bichromate, 0-5 N. 

Approx. 10 % sodium hydrate solution. 

Saturated picric acid in water. 

Method. Pipette 10 c.c. of urine into the 250 c.c. flask, add D c.c. 
10 % NaOH and 15 c.c. sat. picric acid. Mix and allow to stand for 0 
to 7 minutes. Dilute with water up to the 250 c.c. mark and mix 
thoroughly. Fill one of the graduated Hb tubes with the standard 
bichromate solution. With the capillary pipette, run the urine-picric 
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and equal to the supply. That is to say that the “kata 55 reading gives 
the mean temperature of that range of cooling which the “kata” 0 would 
have to cool through if it were to lose, under existing external conditions, 
that amount of heat which it receives, and, if this is known, the heat 
loss over the usual “kata” range (100—95° F.) may be determined. 

The instrument then is calibrated over a range of temperature from 
28° to 44° C., the current being chosen so that when the reading is 
36° - 5 C. the heat loss is 6 millicalories per square cm. per second. The 
range of cooling powers of the instrument is approximately from 4 to 9. 
By using currents of different strengths, however, a variety of ranges 
may be obtained for the same instrument. 

The equation connecting the cooling power H and the “kata” reading 
( p is deduced as follows: 

The ordinary equation for still air is 

H = -27 (<f> - i) . . . . (i) 

where H is the heat loss in millicalories per sq. cm. per sec., <f> — the 
mean temperature of range of cooling (in the ordinary kata), and “t n 
the temperature of surroundings in still air. 

If for a cooling power of “6” the meniscus of the electrical “kata” 
stand at 36°-5 C., then in the above equation <■/> = 36-5 and we have 

6 = -27 (36-5 - t) 

or t = 36*5 — 6/- 27 

= 36-5 - 22-2 
= 14-3, 

i.e., if the still air temperature is 14-3, the current must be adjusted so 
that the meniscus stands at 36-5. If, however, the still air temperature 
is some other value, say i 0 , then since the heat loss must be the same 
as before, i.e., 6 millicalories per sq. om. per sec., by substituting the 
value t Q in equation (i) we obtain the value of c/> 

6 = -27 ( <f> - /„)) 

or <f> — 6/-27 + V • • • ( U ' 

— 22-2 + h) J 

and this value of <b is the temperature at which the meniscus will stand 
at an air temperature t 0 , if the current is such that it would stand at 

36-5 with an air temperature of 14-3. _ _ . 

Having in this way determined the constant current required, it is 
necessary to know what cooling power is indicated by any position of 
the meniscus, i.e., for any value of <},. Let the observed value be <f> v 



SOCIETY, OCTOBER 16, 1920. 


xlix 


Arterial C0 2 tensions. By J. M. H. Campbell (Hilda and' Ronald 
Poulton Bellow at Guy’s Hospital), and E. P. Poulton (Beit 
Memorial Research Fellow). 

The method of arterial puncture (i> has made it possible to measuro 
the volumes of oxygen and carbon dioxide in arterial blood. But the 
more important factor in the case of COj, is the partial pressure of the 
gas and there is no simple method of measuring this directly. The CO, 
dissociation curve varies to a moderate degree in different persons, and 
so it is necessary to draw the dissociation curve in each ease, to be able 
to infer the CO, partial pressure. This was done by tho' method which 
has been fully described PI — the blood, with oxalate up to -5 per cent:, 
being exposed for fifteen minutes at 38° C. in tonometers to various 
pressures of carbon dioxide. The alveolar air was taken by a modification 
of the Hasselbalch-Lindhard method (3). The valves are watched care- 
fully and the patient ordered to expire deeply either at the end of 
inspiration or expiration, a sample being taken during the last part 
of the forced expiration. The results are shown in the two tables (1) cases 
without breathlessness and (II) cases with breathlessness. 


Table I. 




Vcls. 

Volt 







CO, In 

CO, in 

CO, 

CO, pressure In alveolar air 



100 ac. 

100 etc. 

pressure 

(finverT 





. arterial 

blood at 

la art 

(2) In- 

13) et- 
pfralOry 


Age 

blood 

40 mm. 

blood 

age 

epiratorj* 


C.C. 

C.C. 

mm. 

mm. 

mm. 

mm. 

12. Fractured patella 

43 

62*6 

56-0 

34 

38-0 

30*7 

40-5 

13. Acromegaly 

28 

62-8 

53' 5 

39 

39 0 

— 

— 

14. Chronic otitis media 

26 

62-0 

65-5 

30 

37-4 

30*3 

38-6 

10. Asthma after recovery 1 
from attack J 

60 

52-5 

540 

37*5 

37*3 

36*0 

38*0 

. 8. Convalescent empyrcma (l) 

30 

600 

605 

34 *-37+ 

37*4 

33*8 

40-9 

(2) 

— 

65-5 

58-5 

30 

331 

32*2 

340 

5. Folyoythicmia 

45 

331 

38-5 

33*5 

— 

— 

31*5 



Table 

II. 





3. Uremia 

39 

36-7 

37*6 

36 




270 

1. Cardio-renal disease with} 

severe hypeipncea j 

9. Cardio-ponal disease with! 

.moderate hypcrpncca ) 

10. Cardio*renal disease! 

with moderate l ) J 
bypcrpncca J ' ' 

2. Valvular disease of the} 

heart j 

62 

67-1 

00-5 

56 

— 

— 

31*2 

61 

47-0 

46-0 

42-6 

26*2 

23-9 

28-5 

55 

520 

600 

61-0 

62-5 

43 t 

40 1 

29-7 

26-8 

320 

21 

64-9 

620 

46 

— 

— 

31*3 

4. Ditto 

20 

48-8 

480 

42 





25-4 

U. Ditto (1) 

32 

51*4 

490 

43 

390 

38-2 

41*0 

(2) 

— 

49-8 

47-5 

40 

— 

— 



* Found by tho usual method from CO* dissociation, curve of blood, 
f Found from CO, dissociation curve of true plasma. 

J Taken later during Cheyne -Stokes breathing. ■* ' W- 
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acid-soda mixture into the other graduated Hb tube up to the 50 mark. 
Proceed now as in the estimation of Hb, adding water drop by drop 
and mixing till the colour of the mixture is just a shade darker than the 
standard (1st reading). Add drops of water and mix till the colour i 3 
just too light (2nd reading). The mean of these two readings gives the 
amount of creatinine in milligrams per 100 c.c. of urine. 

Theory. Folin’s argument was that, as 8-1 mm. of the* bichromate 
gives a colour equivalent to that produced by a creatinine-picric 
acid-soda mixture containing 10 mgs. in 500 c.c. and, as the colour of 
the unknown matches the colour of the standard bichromate, the 
concentration of creatinine in the unknown must be proportional to 
the concentration of the standard in the ratio of the readings. That is, 
8-1 

10 x -=- = mg. in 10 c.c. urine (diluted to 500 c.c.) where R is the 
It 

reading in a Duboscq colorimeter. 

The width of the tubes in this method is constant but the dilution 

varies first of all by \ (250 as against 500) and then by reading) , 

Therefore, to get the percentage amount when the reading is 66 one 
modifies the Folin formulae as follows: 



10 8-1 250, 66 

1 X 8-1 X 500 X 50 


66 mg. 


It is immaterial what the width of the two Hb tubes is provided 
(1) that it is the same in both tubes and (2) that it does not differ much 
from 8 mm. 


Results: 

Class of 40 — working in pairs. 


Number 


Reading 

Number 


Beading 

4 

read 

62 

6 

read 

67 

3 

It 

63 

1 

It 

C9 

3 

17 

65 

1 

1* 

72 

I 

11 

66 

I 

ft 

75 


Half the class got results which are close to the average value, viz.: 
65-8. The reading given in a Duboscq colorimeter was 66. This was a. 
first attempt by a medical class. 

Creatine, after conversion into creatinine in the ordinary way, may 
also be estimated by this method. 
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As would be expected it bas been found that in the absence of 
phosphato no growth would take place. 

Ammonium glycerophosphate (Kahlbaum) has been found to serve 
as a complete source of nitrogen, carbon, and phosphorus. Ammonium 
glycerate plus ammonium phosphate will also serve in a similar way. 
Nitrogen therefore need not be in a more elaborate form than ammonia. 

The table below is a summary of the results of substituting various 
organic bodies in the place of the glucose, amino acids, and lactic 
acid forming the carbon source of the previous medium 1 . 


Source of carbon 

Growth 

Source of carbon 

Growth 

Carbonate 

Nil 

Citrate ... 

Nil 

Formate 

„ 

Tartrate 

+ 

Oxalate 

it 

Glucose + lactate 

+ 

Gly collate 

Glycerate ... ... 

+ 

Lcucinc (synthetio) 

+ 

Glycerophosphate 

+ 




It is quite possible that there may bo a means of making colpidia 
live upon formates, oxalates or glycocollate, but the results as they 
stand show that these protozoa are not dependant upon complicated 
chomical bodies for their growth. They show a remarkable independence. 
This is also the conclusion reached from Borne experiments performed 
upon the effect of varying some of the inorganic salts. The organism 
for instance seems to be widely independent of extensive variation in 
the ratio between potassium and calcium salts, though apparently 
potassium is cssontial for growth. 

The text-book statement 2 that “tbe animal organism, even in its 
lowest forms, the protozoa, is satisfied with nothing less complex than 
glucose as a source of carbon,” is not true. 


The effect of substituting uranium for potassium in growth 
media. By II. A. Peters. ( Preliminary Communication.) 

Potassium has been found to be essential for the growth of the 
particular species of colpidium described in a former paper. 

Since Zwaardcmaker(i) has stated that uranium will replace potas- 
sium in maintaining the normal activity of the frog’s heart beat, an 
attempt has been made to substitute uranium salts for potassium in 
the culture media of tho colpidia. In this work it wns found essential 

1 J. Phys. Soc. ( Proc .), 63. p. cviii. 1020. 

* See Bay lisa, Principle* of Gen. Phys. p. 24 S. 
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As regards the cases without breathlessness the alveolar C0 2 values 
correspond with the C0 2 pressure of the arterial blood within a few 
millimetres, agreeing with the results obtained experimentally by, 
Krogb (4) and justifying the assumption which has usually been made 
in the case of man. Case 5 shows some diminution of the alkali reserve, 
since the C0 2 content at 40 mm. is diminished. 

In the cases with breathlessness the mean alveolar C0 2 pressure was 
always less than the arterial C0 2 pressure. This was most marked in 
cases of valvular disease of the heart and cardio-renal disease. The 
•uraemic case showed lowered alkali reserve (C'0 2 37*5 % at 40 mm.) but 
this was not present in any of the cardiac cases. The arterial C0 2 in the 
uraemic case was low owing to the acidosis. In the cardiac cases the 
arterial C0 2 was higher than in the cases without breathlessness. In 
ease 1 the value 56 rum. is remarkably high. He was obviously very 
breathless even when sitting at rest. 

It would seem permissible to conclude that in cardiac cases of various 
types, one factor in the breathlessness is the increased tension of carbon 
dioxide in the arterial blood. 
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Nutrition of the protozoa. By B. A. Petep.s, 

2. The carbon and, nitrogen compounds needed for the growth of ; paramceciwn . 

A continuation of the work upon the metabolism of a variety of 
the ciliate prota zoon colpidium 1 has brought to light some rather 
interesting new features 

Technique. The technique described previously has not been modified. 
The experiments have been done throughout with the colpidium 
grown from a single individual isolated last November. Subcultures 
have been made in the ordinary bacteriological way by transferring 
one drop of a growing culture to a fresh tube. A substance has not been 
considered sufficient for growth unless it was found possible to sub- 
culture the organism successfully through 3-4 subcultures. 

1 The ciliate organism resembling paramoecium has now been identified as colpidinm. 
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extremely rapid in its action.. A small vulcanite funnel is connected to 
about a metre of thick rubber tubing and pressed firmly upon an artery 
or vein or the chest wall. The pulse or heart beat causes alternating 
puffs of air to travel down the tube. These pass across the little heated 
wire and cool it, and the degree of cooling is recorded on a photographic 
plate in the camera of the string galvanometer. It is better to use a 
metal fibre in the galvanometer, as with an external low resistance it is, 
for a given sensitivity, more rapid in its movements. Typical records 
(made on myself) are shown in Fig. 1. It is obvious from a study of 


i KeirfUL 



Fie. 1. To be read from left to right Time in 1/25 bcc. Metal fibre in galvanometer. (1) 
Normal; (2) deep inspiration; (3) deep expiration; (4) after skipping for ono minute. 
Carotid artery. 

these that the method has possibilities, and it is extremely simple to 
use in any laboratory or hospital possessing an electro-cardiograph. The 
i original instrument was made for mo by the Cambridge & Paul Instru- 

I meat Company, to whom, and especially to Mr C. C. Mason, my heartiest 

f thanks are due. 

The “tension-time ” production of muscle. By A. V. Hill and 
W. IIartkee. 

It is desirable to find some exact expression for the mechanical 
activity of muscles, some quantity which will cover all the phases of 
their contraction, and be more or less proportional to the chemical 
changes accompanying them. The work done by a muscle is not such a 
quantity, as (l)'it depends on the manner in which the muscle is loaded 

d 
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to use quartz tubes because enough potassium appears to be dissolved 
out of glass ones (even Jena) to invalidate the results. The criterion 
of the efficiency of a medium has been, whether subcultures can be 
continuously made. Potassium deficient cultures will not subculture. 
The addition of uranium sometimes slightly improved the condition 
of the first subculture, subsequent subcultures dying out. When both 
uranium and potassium were present, the result seemed to be better, 
than with potassium alone. This accords with the observations of 
Sasaki (4) and others upon the beneficial effect of traces of uranium in 
bacterial cultures. 

The fact that uranium will not replace potassium in the growth 
process of these organisms is a biological case, in which the sole effect 
of potassium does not seem to be due to its radio activity. A. J. Clark(2) 
has recently stated that in the case of the frog’s heart, uranium will 
not replace potassium in the same way in which rubidium will do so. 
The results indicate that if the effect of potassium is a radio active one 
(as claimed by Zwaardemaker), potassium can serve a double function 
in the organism. The improving effect of uranium salts upon growth 
may probably be correlated with the effect observed by Redfield(3) 
of small doses of rays upon the division of Nervis eggs. 

[I am indebted to my assistant H. Mowll for his valuable help in 
these experiments.] 

[The expenses have been defrayed by a grant from the Government 
Grant Committee of the Royal Society.] 

REFERENCES. 

(1) Zwaardemaker. J. Pliyp. 53. p. 273. 1920. 

(2) A. J. Clark. J. Phys. Proc. Soc. 44. p. xv. 1920. 

(3) Redfield. Biol. BulL 37. p. 4. 1919. 

(4) Sasaki. J. Biol. Chem. 32. p. 627. 1910. 


An electrical pulse recorder. By A. V. Hill. 

If a very fine exposed wire mounted in a tube be made one of the 
arms of a Wheatstone’s bridge it will be heated by the current and its 
resistance will rise. If air be blown upon it, it will be cooled and its 
resistance will fall : if the bridge was previously in balance a current 
will now run in the galvanometer. By using a string galvanometer and 
a wire of suitable size the arrangement can be made very sensitive and 
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the “tension-time” produced and the duration of the stimulus is shown 
in Fig. 1. In tiie same figure is shown the relation between the heat 
production and the duration of the stimulus. It is clear that the “ tension- 
time” and the heat produced in a contraction are approximately 
proportional. 

The “tension- time” production of a muscle i9 much more “efficient” 
at a low temperature than at a high one; the quantity 
(“tension-time” production) 

(heat production) 

is decreased from 3 to 4 times by a rise of 10° C. This is of importance 
ns a practical point in the life of a cold-blooded animal, and is of con- 
siderable intrinsic interest. 

It is possible to express the conception of “tension-time” in a more 
intelligible form. If a muscle exert its force in pulling at a very heavy 
mass which it can barely move its contraction will remain practically 
isometric, while the momentum it produces in the mass can bo shown 
to be equal to the “tension- time” exerted, defined ns above. The 
momentum, i.e. the product of the mass and its velocity, can be measured 
by appropriate means, and it will be found that, at a given temperature, 
the momentum produced is proportional to the total heat production. 
We may say therefore that the muscle is a machine for producing momen- 
tum, the momentum -produced being proportional to the extent of the chemical 
changes accompanying contraction. 

This fact may be of importance not only in the case of the isolated 
muBcle but also in that of experiments or observations on man. Instead 
of comparing the C0 2 given out with the work done, which depends on 
so many factors, it would be better to compare it with the total 
momentum produced, which is independent of all these factors (except 
temperature, which in man is constant). It would require suitable means 
for measurement, but this presents no fundamental difficulty. 

On the contractility of amputated parts of plants. Bv A. P. 

Waiaer, 

At the Juno meeting of the Physiological Society, I demonstrated 
by experiment at a magnification of 1000 the fundamental distinction 
between the elongation caused by growth and that caused by turgor, 
the former being irreversible and increasing in a straight line during 
short periods of observation, the latter reversible, i.e. a *' 
elongation followed by recovery (shortening)..^ 
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and (2) it takes no account of the prolonged effort required to maintain 
a prolonged contraction. The tension developed in an isometric con- 
traction is a much more fundamental quantity than the work done, 
but this also takes no account of the effort exerted in a prolonged 
contraction. A quantity however, which for lack of a better word we 
have called the “tension-time,” can be shown to take account of the 



Fig. 1. Continuous lure. Relation between “tension-time” production and duration of 
stimulus. 

Lotted line. Relation between heat production and duration of stimulus. Sartorius 
muscle of frog. Isometric contractions. Temperature, 10° C. 

Note. — Z ero time of stimulus refers to the case of a single shock. In the other cases 
the stimulus was given by an alternating current at 90 periods per second. 

various factors, and also at a given temperature to be fairly accurately 
proportional to the total heat production of the muscle. In this quantity 
we believe we have found a generalised expression for the mechanical 
activity of muscle. Consider the curve made by a muscle in an isometric 
contraction recorded upon a uniformly rotating drum. The total area 
of this curve is -what we have called the “tension-time” produced by 
the muscle in that contraction, and an experimental jelatiombetween 
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a closely similar elongation or a shortening followed by elongation’. 
We may not therefore without further proof admit the effects of tho 
tetanisation of plants as evidence of physiological contractility, nor 
of a physiological modification of growth. 

As regards the amputated (surviving) parts of plants we must con- 
clude that 

1. Movements of elongation visible at a magnification of 1000 and 
afortiore at a magnification of 10 7 arc not necessarily due to growth. 

2. Movements of contraction visible at similar magnifications are 
not necessarily due to a vegetable contractility analogous with the con- 
tractility of animal muscle. 

1 Waller. Demonstration of the contractility of nervo and of fiddle atnncsand other 
strings. Proc. Pfu/tiol. Soc. March 21, 1908 J. of Phynol. 




Blue Lupin Spike. 

Elongation by growth (irreversible). 
Rate =70 p in 5 min. 

= 14 /x per minute. 


Slue Lupin Spike. 

Alterations of turgor (reversible) 
caused by strong electrical cur- 
rents. 


In the second graph the effects of electrical excitation* the incidence 
of which is shown on the signal line appear at first sight as if they were 
to be vegetable contractions analogous to muscular contractions, they 
are in reality temporary elongations due to temporary alterations of 
turgor, they are assuredly not pulsations of growth followed by “de- 
growth,” similar to the up and down curves given in illustration of rates 
of growth in a recent publication 1 . In point of fact we may be well 
assured that an up and down movement cannot be a movement of 
growth (irreversible), but can only be a turgor movement (reversible). 

The effects are exceedingly various — “tetanisation” produces all 
sorts of effects upon all sorts of materials living and non-living, and in 
the case of the amputated parts of plants it is always difficult to 
decide whether a given effect is physiological or not. Tetanisation of a 
plant causes elongation or shortening or elongation followed by shorten- 
ing. Tetanisation of a damp fiddle string under similar conditions causes 

1 Bose and Das. Proc. R. S. B. vo], 90. 1899. Fig. 6, p. 37, record of a single growth 
pulse of crocus. 
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Deglutition apncoa. By G. A. Clark. 


In experiments carried out to determine the duration of the reflex 
apnoea in deglutition, the respiratory movements were recorded by 
means of a stethograph and the rising of the larynx in swallowing by a 
double tambour over the upper part of the thyroid cartilage com- 
municating with a writing tambour; a time-marker recording seconds 
was used. 

185 observations were made on 17 individuals, with the following 
results: 

1. The respiratory pause was found to be usually less than 2-5 
seconds for a single act of deglutition, and in no case did it exceed 
3-5 seconds, while -5 second was the shortest recorded. 

2. During the swallowing of liquid (water) the pauso was appreciably 
shorter than when solid food was taken, in the majority of subjects. 

3. The normal respiratory rate of the individual did not appear to 
influence the length of the apnceic period. 

4. A strikingly larger percentage of acts of deglutition occurred 
during the expiratory phase of respiration; this was particularly notice- 
able when solid food was swallowed, as seen in the following table: 


A. Solid food 
E. Liquid 


Apncra during 


Inspiration Expiration 


13(11-5%) 1<X> (88-5 %) 

21(29-0%) 51(71-0%) 


Averago 
duration 
1-5 secs. 
1-4 sees. 


0.' The respiratory movement was resumed, after tho apnoeic pause, 
at the point at which it had been arrested. There were a few exceptions, 
the majority of which showed an interrupted inspiration followed by 
expiration. In some cases an expiratory act followed the pause when 
this occurred at what appeared to be the limit of normal exp ; - . . 
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1 % Duration oE boiling 


Solution 

c.c. 

glucose 

c.c. 

Immediately 

5 mins. 

10 mins. 

A 1 5 

5 

+ 

+ + + 

+ + -f 

A 2 

»» 

+ 

+ + + 

+ + + 

A3 

>* 

■f 

+ + + 

+ + + 

A 4 



+ + + 

•v + + 

B1 


+ 

+ + + 

+ + + 

B2 „ 


+ 

+ + + 

+ + + 

B3 „ 


+ + 

+ + + 

+ + + 

B4 „ 


+ + 

+ + + 

+ + + 

Cl .. 

j, 

+ 

+ + 

+ + 

C 3 „ 


+ 

+ + 

+ + 

C3 „ 


+ 

+ + 

+ + 

C4 „ 


0 

+ 

+ + 

D1 


0 

+ 

+ + 

D2 .. 


0 

+ 

+ + 

D3 ., 

•» 

0 

+ 

+ + 

D4 „ 

t> 

0 


+ 


No reduction = 0. 

Amount of reduction shown by number of + ’fl. 


1 p.c. maltose and 1 p.c. lactose did not show reduction in less than 
five minutes and at the end o£ that time only in a few of the mixtures 
but a black precipitate came down in many of the mixtures after boiling 
for five minutes. 

is the. result of r* vwsaxW ef sweh exy.exlTOewts the meet e&tsstaetwr 
reagent was found to be 

copper acetate 00 g., 
sodium acetate 50 g., 
glacial acetic acid 5 c.c., 
water to 1000 c.c. 

With this reagent a reduction is obtained with a 0-1 p.c. glucose 
solution on merely bringing to the boil whilst pure specimens of 1 p.c. 
maltose and 1 p.c. lactose do not show reduction under the same con- 
ditions. 

It may b'e possiblo to increase the sensitiveness of the reagent so 
as to bo able to make a quantitative estimation of monosaccharide's in 
the presence of disaccharides but in any enso this reagent is an improve- 
ment on Barfood’s reagent for the purpose of showing hydrolysis of 
maltose and lactose by enzymes(S). 


(1) Koaf. Proc. Phypiol. Soe. Nov. 1020. 

(2) H. D Jtoaf. Bi'ochem. Jonm. 3. 182. 1003. 
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An improved form of Barfoed's Reagent. By H. E. Boat. 

In another communication (l) it was pointed out that the reductic 
of cupric salts is dependent on the concentration of hydroxyl ions. Thi 
maltose and lactose cannot reduce an acid solution of cupric salts, bi 
the stronger reducing monosaccharides can reduce cupric acetate. 

As Barfoed’s reagent requires to be boiled for from three to fr 
minutes before reduction occurs it is desirable to use a reagent whi( 
will show reduction in a shorter time. By reducing the acidity it 
possible to increase the ease of reduction and at the same time ni 
make the reagent so sensitive as to become reduced by maltose < 
lactose. 

Several modifications were tried such as using copper butyrate bi 
the most satisfactory solution was made by adding sodium acetate 1 
copper acetate in acetic acid. In this way the ionisation of the acet 
acid is decreased and the reagent is reduced by glucose on merely bringin 
the mixture to the boil. By decreasing the acidity hydrolysis of disa< 
charides is decreased but the reagent will show reduction with less of tL 
hydrolysed product so prolonged heating should be avoided. If th 
acidity is too far decreased heating will cause hydrolysis of the wea 
salt, thus cupric oxide will be precipitated. 

In order to show the possible variations in the reagent the followinj 
experiments are quoted. 



Copper 

Glacial 

Water 




Sol. acetate 

acetic acid 

to 




g- 

c.c. 

c.c. 




A 10 

04) 

100 not all dissolved 



B 10 

0'2 

100 

t> tt 



C 10 

0-5 

100 

ft tt 



D 10 

1-0 

100 

ft tt 



16-7 °/n 



10 - 7 % 


Sol. A 

sod. acetate Water 

Sol. B 

sod. acetate 

Water 

c.c. 

c.c. 

c.c. 

c.c. 

c.c. 

c.c. 

1 10 

G 

0 

1 10 

5 

0 

2 10 

3 

2 

2 10 

3 

2 

3 10 

1 

4 

3 10 

1 

4 

4 10 

0 

5 

4 10 

0 

6 

Sol. C 



Sol. D 



1 10 

5 

0 

1 10 

5 

0 

2 10 

3 

2 

2 10 

3 

2 

3 ' 10 

1 

4 

3 10 

1 

4 

4 10 

0 

6 

4 10 

0 

5 
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The physiological cost of colliers’ work. By A. D. Waller ar 
G. De Decker. 

Our observations were taken hourly during the morning shift 
seven hours from 7 a.m. to 2 p.m. during three successive days upc 
two colliers at the Cwm Colliery near Pontypridd by courtesy of tl 
Great Western Colliery Co., and thanks to the excellent arrangemen 
made for our comfort by Mr Rees, manager of the mine. 

The procedure was to collect expired air for 30 secs, each hour fro: 
each of the two colliers at the coal face, with least possible interruptic 
of their work which consisted in “getting coal” and loading it on truck 
The conditions of work were favourable, the seam being 4 ft 6 in. i 
5 ft thick, the mine dry and the temperature not above 20° C. ; the dept 
was 2000 feet and the barometer averaged 31 in. Hg; ventilation good 

The coal face is about 400 yards from the mine shaft, the volume c 
expired air and its percentage of C0 2 were measured at once in the min 
stable in a vacant stall prepared for us by Mr Rees, and no difficult; 
occurred in the hourly collection from the two subjects, who lent them 
selves to the proceedings with the utmost good-will; G. De Decker founc 
it possible during each half minute of collection, to take a pulse count 
the work was practically maximal and constant except towards the end 
of the seventh hour, the wage being dependent upon the tonnage got. 
For the three days of our observation this was 4-5, 4-0, and 3-5 tons pei 
collier at this particular face, at which three colliers were at work. The 
unit of delivery being the truck of 1-5 tons caused the rate of work to 
vary slightly at the end of the shift according as the men were filling 
their last truck under pressure, or had filled it just before time was up, 
e.ff. on Friday when the last truck was despatched at 1.50 p.m. The 
observations are summarised in the following graphs of C0 2 in c.c.’s 
per sec. ana. of pulse-frequency in beats per minute. 

There is a general parallelism in the rising and falling ordinates 
representing CO,, discharge and pulse-frequency. Both curves rise 
throughout the shift, with a fall at 10 a.m. corresponding with the 
luncheon interval. On the third day (Friday) the men had finished 
work at 1.55 and were begi nnin g to cool down. 

The most remarkable feature in the curve formed by the C0 2 
ordinates during the seven hours’ shift is its rise from start to finish 
(except as just stated). The work is practically continuous and constant, 
so that a rise from e.g. 6 c.c. per sec. at the end of the first hour to 19 at 
the end of the sixth hour is most probably significant of increasing 
physiological cost of work, i.e. decreasing mechanical efficiency. 
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has obtained results which can be interpreted m the same sense < 2 ) If 
oxyluemoglobm is a stronger acid than liremoglobm acid should inhibit 
the formation of oxyluemoglobm, which is in fact the case 

I have endeavoured to obtain experimental justification of this 
application of Le Chatelier’s theorem Oxidation of sulphurous to 
sulphuric acid should occur less easily m an acid solution and sulphurous 
acid is known to be more stable than sulphites Unfoitmiatcli addition 
of alkali to sulphite also inhibited the oxidation to sulphite but thi3 
inhibition may be due to some complicating factor 

I 3 p c solution of sodium sulphite 5 ** c =30 4 c c iodine solution 

After 4 hour? 
at 42° C nquiro 

Ka,i>0 3 solution c c iodine 

10 cc +10 cc iWlOHCI 82 7 

lOcc+lcc A/10 IIC1 -t- 0 c.c enter Jo 1 

10 c c + 10 c c water 0 2 

lOcc+lcc A/10 NaOH + f> c c water 22 0 
10 c c + 10 c c A; 10 KaOH 30 3 

A number of experiments gav e similar results 
Oxidation of nitrites was not tested because nitrous acid is less st iblc 
than nitrites In this case nitrous acid does not lor m an equivalent 
quantity of mtnc acid so that the acidity is decreased and not increased 
as would be the case if it were all oxidised to mtnc acid, c g 

3HN0 2 = HNO a + 2NO + H 2 0 

This equation supports the thesis than an increase in acidity aids a 
reaction w Inch takes place with a decrease of ncidity 

Turning to the oxidation and reduction of metallic salts one finds 
that the results are what would be expected if Lo Chatelier s theorem 
is to hold For example cupnc salts being divalent and stronger liases 
than cuprous they should be more easily reduced m an alkaline solution 
AVe find that all reducing sugars will reduce an alkaline solution of 
cupric salt but only the stronger reducing monosaccharides can reduce 
.an acid solution of cupnc acetate 

Other metallic salts are also more easily reduced in alkaline than in 
acid solutions 

In addition to their relation to the reduction of hwmoglolnn these 
observations have many applications in physiology 

Conversion of ammonia into urea is accompanied by .a decrease m 
alkalinity therefore increase in aciditv wall inhibit the formation of urea 
and increase m alkalinity wall increase the conversion into fjn_th.it 


AU diluted anil acii milled 
bo as to contain the «am« 
concentration of w\id dining 
titmtion 
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On the third day we found opportunity of taking an observation 
on D. 0, before and after his day’s work that is in agreement with this 
view. Comparing his cost of walking horizontally 60 paces (approximately 
•50 metres) immediately before 7 a.m. and immediately after 2 p.m. with 
the following result: 


Time of 

Time 50 m. walk 

6.45 a.m. 32" 

2.15 p.m. 30" 


C0 2 per 

Volume cent. 

13 litres 3-2 

IV „ 4-5 


co 2 

C0 2 c.c, Kg'M 

per sec. (bor.) 

13-0 0-105 c.c. 

25-5 0-221 „ 


i.e. the cost of moving 1 kilogramme 1 metre horizontally has more than 
doubled after the seven hours of work. 


Summary. 




Estimated 
output of 
coal per man 
per 7 hours 

Total cost 
gross C0 2 
exhaled in 

7 hours 

C0 2 per 
hour 
(gross) 

Kalorics 
per hour 

gross net 

Wednesday, Oct. 6 D.O. 

4-5 tons 

313-5 litres 

44-8 

262 

202 


H.K.* 

4-5 „ 

315-0 „ 

45-0 

264 

198 

Thursday, Oct. 7 

D.O. 

4-0 „ 

290-3 „ 

41-5 

243 

183 


H.K. 

4-0 „ 

246-9 „ 

35-3 

207 

141 

.Friday, Oct. 8 

D.O. 

3-5 ,, 

256-6 „ 

36-7 

216 

150 


H.K. 

3-5 „ 

230-4 „ 

32-9 193 

average net cost- 

127 

=108 


* Allowance made for the first hour when no observation was taken. 


Le Chatelier’s theorem in relation to reduction of oxyhsmo-- 
globin, neutrality regulation and oxidation in the body. 
By H. E. Roar. 

Le Chatelier stated that a reaction which takes place with a change 
of state is impeded by that alteration. This law is well recognised in 
relation to temperature and pressure but its relation to change of acidity 
is not usually stated. 

By analogy with sulphurous and sulphuric acids and nitrous and - 
nitric acids, oxyhemoglobin should be a stronger acid than haemoglobin. 
In 1913 I attempted to measure this difference by mercuric oxide 
electrodes but the haemoglobin was precipitated by the mercury ions. 
Haldane, Christiansen and Douglas obtained results in favour of 
oxyhemoglobin being a stronger acid than hemoglobin (i), and Parsons 
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pressure, and that, when the intertubuior vessels only arc similarly 
perfused under normal pressure, no urine is- formed. In the present 
experiments the method used by Bainbridge, Collins and Menzios 
was adopted. The aorta was perfused with oxygenated Ringer’s solution 
under a pressure of about 24 cm. of water. The renal portal veins were 
simultaneously perfused with Ringer’s solution containing 0-02 p.c. of 
urea under a pressure of about 12 cm. of water. In these circumstances 
the urine invariably contained urea. When both glomeruli and inter- 
tubular vessels were perfused with Ringer’s fluid alone, the urine formed 
contained no urea. 

The kidneys perfused in this way show considerable oedema. The 
thin wall of the intortubular vessel, which is normally closely applied 
to the epithelial cells of the tubule, is separated from the cells by a 
wide space, but there is no breach in the continuity of the layer of tubule- 
cells. 

In order to increase the osmotic pressure of the perfusing fluids, 
2 p.c. of gum(3) was added to each in all the later 'experiments. The 
result of this addition was that there was no appreciable cedema in 
the perfused kidneys, while urea passed into the urino as usual. 

REFERENCES. 

(1) Cuahny. The Secretion of the Urine. 1017. 

(2) Bainbridge, Collins and Mcnzics. Journ. Phys. 48. 233. 1914. 

(3) Bayliss. Proc. Roy. Soe. B. 89. 380, 1910. 


Stereoscopic effects produced by pictures of different sizes. 

By E. H. Hankin and H. Hartmdge. 

If, after taking a photograph, the camera is moved a few inches 
nearer the object and anotherphotograph is taken, then the two pictures, 
when placed side by side in a stereoscope, show a restricted portion of 
the resulting picture in stereoscopic relief. 

The relief appears on the right side of the picture if the right hand 
picture is the smaller of the two. The opposite side of the picture shows 
a pseudostereoscopio appearance. No relief effect is produced along the 
central vertical line of the picture, presuming that the point towards 
which the camera was moved was situated on this line. 

If the pictures are each divided into two equal pieces by a vertical 
cut, and if two of the hall pictures are interchanged, then if the halves 
of the larger picture are centrally placed stereoscopic relief is seen over 
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ammonium salts will disappear from the urine. These are well known 
occurrences. 

Conversion of methyl glyoxal to lactic acid is accompanied by an 
increase in acidity, thus Dakin and Dudley had to add something to 
neutralise the lactic if they unshed to obtain a good yield of the acid ( 3 ). 

Oxidation in the tissues is dependent on the reaction being main- 
tained near the neutral point. If an increase in acidity occurs at one 
stage of oxidation that stage will be inhibited by acid and the removal 
of the acid product will be inhibited by alkali. The converse holds if an 
alkaline product is formed during oxidation. It may be that increased 
acidity or alkalinity may exert their influence on different constituents 
but one sees a possible explanation of the narrow range of hydrogen ion 
concentration at which life is possible. 

The influence of decreased oxygen tension on the respiratory centre 
can be brought into'relation with the carbon dioxide tension in this way. 
With a decrease in the oxygen tension less oxyhsemoglobin is formed and 
less carbon dioxide will be removed from the blood for the same tension 
of carbon dioxide than if the blood were fully oxygenated. This less 
oxygenated blood, which has a diminished capacity for combining with 
carbon dioxide, on reaching the respiratory centre will not remove so 
much carbon dioxide from the centre. Therefore lack of oxygen, is 
equivalent to the addition of acid to the blood thus accounting for the 
apparent lowering of the threshold of the respiratory centre. 

REFERENCES. 

(1) J. Christiansen, C. G. Douglas and J. S. Haldane. Journ. Physiol. 48. 244. 

1914. 

(2) T. R. Parsons. Journ. Physiol. 51. 440. 1917. 

(3) H. D. Dakin and H. W. Dudley. Journ. Biol. Chem. 14. 425. 1919. 


The passage of urea through the cells of the tubules of the 
kidney of the frog. By J. A. Menzies. 

According to Cushny’s view of the formation of urine, the cells 
of the tubules absorh water and certain solids, but do not secrete any 
of the urinary constituents (l). Experiments have been carried out to 
ascertain whether urea passes from the intertubular vessels into the 
tubules of the kidney of the frog. 

It Has previously been shown (2) that urine is formed in the frog 
when the glomeruli ate perfused with Ringer’s fluid under normal 
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prolonged meets the central point between the two eyes. To his right 
eye N is to the left of M, whereas to his left eye N is to the right of M. 

In Diagram B, on photo (1), N appears to the right of M, whereas 
on photo (2), N appears to the left of M. If then, as before, the photos 
are combined with the help of a stereoscope, so that the right eye has 
photo (1) and the left eye photo (2), it may be seen that the photos give 
precisely the reverse effect to that observed visually, for whereas to 
the right eye N is to the left of ill, on the right photo N is to the right 
of M, and vies versa. Vision of these halves of the pictures must there- 
fore be pseudostereoseopic. 

But if now the photos are cut in halves and the right-hand halves 
arranged as before (photo (1) opposite the right eye and photo (2) 
opposite the left), while the other half pictures are transposed so that 
photo (1) is opposite the left eye and photo (2) opposite the right eye, 
then the position of M and N will be the same as they are in ordinary 
vision and therefore when combined they must be seen in stereoscopic 
relief. That it is not the difference in scale of the two photos which 
produces the relief can be shown by experiment as follows: If two 
precisely similar photos be combined stereoscopically no relief is of 
course observed, if now a weak convex lens be placed before one of the 
lenses of the stereoscope, so os to magnify the image to this eye more 
than the other and thus alter the scale of the two pictures no trace of 
relief can be seen. 


Changes in the adrenal bodies and the thyroid resulting from 
inanition. By Swale Vincent and M. S. Hollenbekg. 

Our previous investigations on “The Effects of Inanition upon the 
Adrenal Bodies and other Organs (I),” leads us to conclude that during 
the early stages of inanition there is an increase in the amount of adrenin 
in the adrenal bodies, and that during the latter stages the amount of 
adrenin is greatly reduced. 

The above results were arrived at as follows. An adrenal from a 
normal dog was taken and one from a starved dog. Both were weighed 
and an extract of each mado. Saline solution was then added to each 
in proportion to its weight. The relativo strengths of the two extracts 
were then compared by intravenous injection of equal quantities into 
a dog, the corresponding rise of biood pressure indicating the relative 
Strengths of the adrenin content in the gland. : . 
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the whole of the combined picture, except on the centra] line. If the 
.halves of the larger picture are placed in the alternative position then 
pseudostereoscopic effect is produced over the whole picture, again 
excepting the central hue.' When the halves are arranged to produce 
stereoscopic relief it may be noticed that the effect is greatest peri- 
pherally and decreases progressively towards the central line. 

If the approach of the camera between taking the two photographs 
is 12 inches, then exaggerated stereoscopic relief, as seen in ordinary 
commercial stereoscopic views, is obtained. If the approach is only 
three inches, what may be described as normal stereoscopic relief is 
produced, though the difference in size of the resulting pictures is too 
small to be measured without a micrometer- microscope. 

The explanation of the phenomenon appears to be as follows. Re- 
ferring to Diagram A, (1) and (2) represent the nodal points of the 
right and left eye. X and Y are two points in space to the right of the 



Diagram A. Diagram B. 

observer situated on a line which when ^prolonged meets a point situated 
between the two eyes. To his right eye Y appears to the left of X, while 
to his left eye Y appears to the right of X. 

In Diagram B, (1) and (2) represent the first and second positions 
of a camera lens when used for taking photographs of different sizes. 
On the first picture (taken from position (1)), Y appears to the left of 
X, whereas on the second picture (taken from (2)), Y appears to the 
right of X. 

If then the right hand halves of the photographs are presented to 
the right and left eyes, so that the right eye has the first photo, and the 
left eye has the second, X and Y will hold their correct relative positions 
and will, therefore, be seen stereoscopically. Hence stereoscopic relief 
is found on the right-hand side of the picture. 

Referring once more to Diagram A, M and N are two points in 
space to the left of the observer and situated on a line which when 
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were nearly all adult. His percentage of adrenin content was 0-20 p.c. 
Both the above results were obtained by Bolin’s method. The average 
percentage of adrenin content of our controls is 0-27 p.c. 

Table I, Comparison of Weights of Organs of Normal and Inanition Whito Rats. 


Inanition animals Inanition animals 
Normal animals (2-3) days (10-12) days 

Males (3) Females (3) Males (2) Females (3)^Mnle8 (4) Females (2) 


Average total 

weight 

207 gm. 

176 5 gin. 

J212 gm. 
(189 gm. 

210 gm. 
192 gm 

204 gm 
172 gm. 

217 gm. 
164 gm. 

Brain 


0 925 % 

0 887 % 

0 916 % 

0 876% 

0 90S % 

0 900% 

Lungs 


0 596 

0 612 

0 555 

0 588 

0 602 

0 687 

Heart 


0 474 

0 502 

0 470 

0 491 

0 550 

0 598 

Spleen 


0199 

0 235 

0 ISO 

0 201 

0 170 

0189 

Adrenals 


0 01C70 

0 0170 

0 0188 

0 0190 

0 0505 

0 000 

Thyroids 


0 0152 

0 0153 

0 0160 

0 0172 

0 420 

0 423 

Lncr 


5 62 

5 76 

5 00 

4 947 

3 071 

3 10 

Testes 


1-253 

— 

1-223 

— 

1 022 

— 

Ovanes 


— 

0 027 

— 

0 025 

— 

0 023 

Kidneys 

... 

0 830 

0 845 

0 822 

0 832 

0 829 

0 833 

Submaxillary 

glands 

0 342 

0 322 

0 324 

0 309 

0 260 

0 267 


Table II. Adrenin Content and Adrenal Weight compared with Body Weight, 
in Normal and Inanition Rats 


No. 

Period of 
starvation 

Weight 

before 

starvation 

Weight 

when 

Jailed 

Weight of 
adrenals 

Adrenin content 
of adrenals 

1 

_ 

— 

200 0 gm. 

0 0320 gm 

0 093 mg. 

2 

— 

— 

209 5 

0 0365 

0 080 

3 

— 

— 

213 5 

0 0346 

0 094 

4 

— 

— 

169 0 

0 0304 

0 092 

5 



— 

1850 

0 0296 

0 038 

6 



— 

175 5 

0 0297 

0 094 mg., mean 0 094 mg 

7 

69 hours 

201 5 gm. 

1S0 0 

0 0342 

0132 

8 

70 

222 5 

193 0 

0-036S 

0 141 

9 

67 

I86 0 

178 5 

0-0339 

0-134 

10 

72 

242 0 

230 5 

00432 

0-143 

11 

65 

202 0 

137 0 

0-0344 

0-128 mg , mean 0 135 mg. 

12 

10 da\ s 

241 0 

165-0 

0-0924 

0-035 

13 

11 

2S0 0 

192 5 

0-1004 

0 030 

14 

10 

265 0 

176-0 

0-0993 

0027 

15 

10 

2700 

154 5 

0-0870 

0-033 

10 

12 

26S5 

176 5 

0-1056 

0-040 

17 

12 

226-0 

151 3 

0OS99 

0-031 ng , mean 0032 mg. 
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We have now carried our investigation further and determined 
chemically the amount of adrenin contained in the adrenals of normal 
and inanition animals, utilising the method devised by Folia, Cannon 
and Denis (2). 

Our method of procedure was as follows. The weighed glands were 
ground up in a mortar with 1*5 c.c. of (hi N HC1 and rinsed into a 
conical flask with 4-5 c.c. of water. The acid mixture was then heated 
to boiling, 5 c.c. of a 10 p.c. solution of sodium acetate was added, and 
the mixture again heated to boiling to precipitate the proteins. The 
mixture was then filtered and the filtrate collected into a 100 c.c. 
measuring flask. At the same time 1 c.c. of a standard uric acid solution 
was pipetted into another 100 c.c. flask. To each flask 2 c.c. of uric acid 
reagent was added and 20 c.c. of saturated sodium carbonate solution. 
After standing for two or three minutes the solutions were diluted to 
the 100 c.c. mark, shaken and the colour caparison made with a 
Kober colorimeter with the uric acid standard at 20 mm. 

In our investigation we utilized 17 rats in all. Six were used as 
controls. Five were killed after 2-3 days starvation. Six were killed 
after 10-13 days starvation. 

The following tables give the average percentage of the body weight 
of the organs of the rats and the adrenin content of the adrenals. 

The results confirm those of our previous investigation namely that 
during the early stages of inanition there is an increase in the amount 
of adrenin in the adrenal bodies, and that during the later stages the 
amount of adrenin is greatly reduced. 

To ascertain whether the effects of inanition upon the adrenals were 
permanent or temporary we starved two rats for a period of 12 days 
and then restored them to their normal weight. We found that there 
was no hypertrophy and that the adrenin content of the glands was 
normal. 

Throughout our investigations we have noticed that the thyroids 
as well as the adrenals hypertrophy during inanition. This result has 
been obtained so constantly in this investigation that we sectioned 
the thyroids of these inanition rats. We found that the colloid substance 
which is normally contained in the vesicles was almost entirely lacking. 
The significance of the hypertrophy and the disappearance of the 
vesicular colloid is as yet not clear to us. 

Herring (3) found that the average content of 13 male rats’ adrenals 
was 0-224 p.c. adrenin. The figure for adults was -25 p.c. His rats were 
of various ages. Kuriyama(4) used five males and six females which 
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i Determine the \olujie of 0 2 necessary to saturate 

1 C C VENOUS BLOOD 

1 Into the bulb introduce 2 cc (approx ) o! dilute ammonia (1 pc) containing a 
little saponin (as much ns would bo taken up by the terminal mm of a penknife) 

2 By means of a 1 cc standard pipette fitted with a rubber teat, introduce Ice 
of tho venous blood under the 'surface of the dilute ammonia in the bulb, without agitating 

3 Into the side tube put about 0 2 c c of a freshly made saturated solution of potassium 
femeyanrde (Fig 3 ) 

4 With the 3 way tap open and the mercury thread near tho middle of the graduated 
pipette, fix the stopper firmly in the bulb neck with the graduated pipetto m tho same 
ptane aa the side tube (rig 4 ) 

Adjust the cork of the water jacket so as to make the p 2 pcttc horizontal 



0 Note tho temperature, wait 5-10 minutes for the bulb to take the temperature of 
the water which should lie at room temperature 

Rotate tho 3 way tap through 180° leaving tho bulb in communication with the 
graduated pipette only {Tig 1 ) Read the temperature and the position of the mercury 
thread every minute until constant* 

0 Rock tho bottlo in a plane at nght angles to the mercury thread and side tube (to 
avoid spilling), thus thoroughly mixing tho Wood with the ammomated water and 
spreading the laked blood in a thin film o\er the walls of tho pear shaped bulb (To avoid 
heating the water jacket, gnp its necl high up or surround it with a rubber band ctit 
from the inner tube of a cycle ty re ) 


1 If the Hg thread 1ms a tendency to stick either tap the water jacket gently on the 
table or ha vo the ptpettc preuoudy rm°cd with acidulated water (C p c H*SQ t ) 
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A simplified blood gas volumeter for the use of students 1 . 
By D. T. Harris. 

This was designed to enable students to follow the events in the 
Ferricyanide method of Haldane and to serve as a preliminary exercise 
before proceeding to the excellent Blood gas Manometer of Bar croft 
which involves so many mechanical difficulties for the student. Its use 
can be best ascertained from the full working instructions given to the 
student: 



DETERMINATION of the oxygen content of venous blood. 

The venous blood provided has been collected from a vein into a tube containing a 
little powdered potassium oxalate and has been kept under liquid paraffin. 

1 This apparatus is made by Messrs Baird and Tatlock. 
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experiment- and control-animal were of tlie same sex, and from the 
same litter, and the thyroid (and sodium iodide) dose given daily was 
based on the day’s weight of the rat fed. Thyroid was fed in proportions 
of 1 : 20000, 1 : 10000, 1 : 5000, and 1 : 2000 of desiccated gland to body- 
weight. Three preparations were used, a Merck preparation at least 
nine years old, containing 0-39 p.c. iodine, a hog-thyroid preparation 
containing 0-31 p.c., and a sheep-thyroid preparation containing 0-18 p.c. 
iodine; the two latter were prepared in December 1919, and were obtained 
from the Armour laboratories through the kindness of Dr F. Fenger. 
In all 40 male and 17 female rats were used. Of these 31 male and 
16 femalo were from nine litters; ten controlled experiments were carried 
out with thyroid, and four with sodium iodide. The initial ago of feeding 
these varied from 40 to 60 days. The remaining ten animals were fed 
large doses of thyroid in an endeavour to induce tetany. Unlimited 
bread and milk was given as diet. The following results were obtained: 

(1) Continued small doses of desiccated thyroid gland fed to young 
white rats produce (a) a definite and invariable decrease in the rate of 
growth, ( b ) hypertrophy of the organs concerned with increased meta- 
bolism — heart, liver, kidneys, adrenals, etc. (confirmatory of Hoskins 
and Herring), (c) disappearance of fat (confirmatory of Hoskins and 
Herring). 

(2) The decrease in rate of growth is proportional to ( a ) the amount 
of thyroid fed, (6) the iodine content of the thyroid fed. 

(3) There is some evidence that long continued small dosage, at 
any rate with femalo rats, ceases to produce this effect, but this is 
probably due to the fact that the hypertrophy above-mentioned balances 
the fat-loss. 

(4) The hypertrophy produced varies with size and length of applica- 
tion of dose, and appears to be proportional to tho iodine content of 
the thyroid fed. 

(5) Sodium iodide, fed in quantities varying from amounts equal 
in iodine content to the thyroid doses to amounts one hundred times as 
great, produces no effect on the rate of growth, and no hypertrophy. 

(6) Tho thyroid effect is not due to toxicity from high protein 
content or from compounds resulting from autolysis occurring during 
preparation of the thyroid. Desiccated liver, given as a control, produced 
negative effects. 

(7) Both thyroid and iodino feeding increase the colloid in the 
thyroid (confirmatory of Fordyce(O) and Kojimarit). No histological 
changes were observed in the hypertrophied tissue. 
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7. Read the temperature (which should remain unaltered) and the position of the 
mercury thread. 

Since the pipette is graduated in -j-J-jyths c.c. and 1 e.c. of blood has been used, each 
small division on the graduated pipette corresponds to 1 p.c. of the volume of blood. 
Hence, the p.c. 0 2 necessary to saturate venous blood (at this temperature) is given directly 
by the excursion of the mercuiy, which is due to the shrinkage in the volumo of the air 
in the bottle. 

ii. Determination of the oxygen capacity of the same blood. 

8. Open the 3-way tap to the atmosphere, move the mercury thread to the left, 
rotate the stopper through 90° so that the pipette is now at right angles to the side-tube. 
(Fig. 5.) Repeat operation 5. 

9. Tilt the whole apparatus until the potassium ferricyanide solution runs into the 
bulb. Repeat operations 6 and 7. 

The net 0 2 given off by the blood (at this temperature) is then given by the excursion 
of the mercury. [This figure is termed the O.-capacity.l 

Calculation. 

0 2 content of the venous blood = 0 2 -capacity - 0 2 necessary to saturate the venous blood. 

iii. Determination of the C0 2 content of the same blood. 

Using tartaric (or lactic) acid in operation 3, repeat 3-7 

The comparative effects of thyroid and of iodide feeding on 
growth in white rats and in rabbits. By A. T. Cameron and 
J. Carmichael. 

The published data concerning the effect of thyroid extract on 
growth are conflicting. The majority of the earber workers stated that 
a decrease was obtained, Schafer(i) obtained an increase, E. R. 
Hoskins(2), no effect, and Herring(3), who was the first to use control 
animals from the same litter, obtained a slight decrease. 

None of these observers used an accurate dosage, based on the 
(changing) body-weight of the animal, and this is almost certainly the 
chief cause of the varying results, since the thyroid effect is proportional 
to the thyroid fed. 

Iscovesco(4), feeding a thyroid “lipoid” preparation (Eenger’s 
results (5) throw doubt on the lipoid nature of this preparation) obtained 
marked hypertrophy in many of the organs of the rabbit (and an in- 
crease in rate of growth). Hoskins feeding both desiccated and fresh 
thyroid gland, obtained the same hypertrophy with the young white 
rat, the degree of hypertrophy being proportional to the size of dose. 
Herring confirmed these results. 

During last winter we carried out a number of experiments in which 
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different p„. These were made up in accordance with the formulas of 
Minos and the p n was measured by indicators. In the more acid 
solutions the muscle itself is liable to damage: thus in a p„ of 4-5 the 
muscle ceased to contract after a time of about five hours; in p n 4 after 
four hours and in 3 in less than half-an-hour (16-17° C. summer 
frogs). To test the effect on the nerve endings the recovery curve of the 
nerve was determined using the summated contraction of the muscle 
as an index of the success of the second stimulus. When the whole pre- 
paration was in 7 no change in the curve could be detected in 24 hours. 
In j> n 5-2 there was as the figure shows an increase in the least internal 
for muscular summation from -0023 sec. to -0031 sec. after the muscle 



Time in secs 


had been perfused for three hours. After four hours the interval 
increased to -004 sec. The shift in the upper part of the curve probably 
depends on the action on the nerve of the ordinary Ringer's fluid which 
was slightly on the acid side of neutrality. 

We have found an increase in the least interval for muscular summa- 
tion in about ten preparations in different acid solutions ranging frohl 
p n G-D to ■/>„ 4-5. The increase comes on more" ‘Ily in the more - 
solutions, but in p„ 4-5, the strongest acid -so 



Ixxvi PROCEEDINGS OF THE PHYSIOLOGICAL 

(8) Two cases of tetany were observed, the first accidentally, and 
both with young rats: onset of tetany occurred between the 50th and 
60th day after feeding a fairly heavy dose for a fortnight. Older rats 
are less susceptible to the action of thyroid. 

(9) Desiccated thyroid gland does not appear to deteriorate with age. 

(10) The effects of vitamine deficiency appear to be increased when 
thyroid is fed concurrently. 

One litter of rabbits (three male and two female) was tested; the 
two male and one female animals fed thyroid all showed decrease in 
growth and hypertrophy of organs as compared with the control animals. 

The essential difference between the result of thyroid and of iodide 
feeding to young white rats suggests that decrease in rate of growth and 
hypertrophy of such organs as the heart, fiver, and kidney can be used 
as discriminatory tests for preparations alleged to be the essential 
thyroid secretion. 

The proportionality of the action to iodine content, in harmony with 
other observations on the physiological and metabolic action of thyroid 
extract, is to be expected if thyroxin is the essential constituent of the 
thyroid, since, according to Kendall(S), this occurs combined in the- 
gland in amount invariably corresponding to one-fourth of the total 
iodine content. 

The full details of this work will be published at an early date. 
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The conductivity of the nerve ending in acid solutions. By 

Yngve Zottep.man. 

The following experiments were carried out to see what differences 
existed in the reaction' of the nerve ending and the nerve to alteration 
in the p H of the perfusing fluid. Gastrocnemius sciatic preparations 
were set up in a Lucas’ perfusion chamber, the nerve being surrounded 
with ordinary Ringer p a 6*5 and the muscle perfused with solutions of 
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p„ 5 it seems likely that the nerve ending is more sensitive thnn the 
nerve fibre to an increased H ion concentration in the perfusing fluid. 
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Dispqrsivity and surface phenomena. By William Alexander 

Osborne. 

Finely divided matter when it attains to the degree of dispersivity 
possessed by colloidal solutions displays maximal optical activity and 
maximal catalytic power. That there should be for a dispersed phase a 
critical diameter with respect to optical qualities is explained by the 
relation to the wave lengths of light in the visible spectrum. But to 
my knowledge no explanation has been forwarded for the diminution 
of catalytic action when the dispersivity exceeds the ordinary colloidal 
and approaches that of true solutions. 

Wo will assume catalysis- to be causally associated with specific 
surface and the special qualities which a surface displays. Now the 
phenomena of surface are referable to unbalanced molecular forces. 
Each moleculo at the surface is under a strain caused by the pull of all 
those other molecules which lie within the range of molecular attraction 
and this range we may take roughly to he something like ton times the 
molecular diameter. If now the diameter of a colloid particle is smaller 
than the range of molecular attraction the strain must bo less owing 
to the diminished number of molecules whose forces come into ploy. 
Finally when the particle is of molecular size lack of balance may be 
said to be absent. 

Another way of approaching the problem is to regard only the 
surface of the dispersion medium in contact with the surface of the 
dispersed phase. Hero we have the site of adsorption phenomena. Non 
when the colloid particle approaches molecular size the attraction of 
the molecules of tho dispersion medium may he ablo to act further than 
the diameter of tho particle and hence the lack of balance in tho sur- 
face of the medium in contact with the dispersed pbaso is diminished. 
The simplest instance of this is to bo found in a bubble within a fluid. 
The excess pressure, i.e. the pressure over and above atmospheric and 
hydrostatic in a bubble - ■ 
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damaging the muscle, we never found an increase in the least interval 
for muscular summation in less than two hours. 

Before we can attribute this increase in the interval to an alteration 
in the nerve endings two other possibilities must be considered. In the 
first place it might be due to an increase in the absolute refractory period 
of that part of the nerve which is exposed to the acid solution. If so, 
we should expect to find the same alteration in the refractory period if 
the nerve were perfused with acid solutions and the nerve endings and 
the muscle left in neutral Ringer, but under these conditions we have 
found no change in the refractory period although the nerve has been 
exposed to a fluid of p n 5 for more than six hours. The other possibility 
is that the absolute refractory period of the muscle might be increased 
by the acid fluid. To test this point we have determined the refractory 
period in curarised sartorins muscles perfused with solutions of different 
p n . The refractory period was in the neighbourhood of -006 sec. at 
15° C., and this interval was never increased when the muscle was left 
in acid solutions. 

Thus the increase in the interval for muscular summation must be 
due to some alteration of the nerve endings. This might be either an 
increase in the refractory period through a slowing of the rate of re- 
covery or an impairment in the conductivity of the nerve ending which 
would no longer conduct the small impulses set up in the early stages 
of recovery. The rate of recovery of the muscle and of the nerve is not 
retarded by acid solutions and therefore it is unlikely that the change 
in the nerve ending is due to a delayed recovery. This argument is 
strengthened by the following considerations. We have sometimes found 
when stimulating a muscle directly an extremely short interval for 
muscular summation of about ‘0004 sec. at 15° C. Bazett(i) sometimes 
found intervals of the same order and Lucas(2) found a very short 
chronaxie when he stimulated in the region of the nerve endings, but 
not elsewhere. They both suggest that these short time-relations refer 
to the nerve endings. Now we have never found any increase in this 
interval after perfusion of several hours with acid solutions and it is 
therefore extremely probable that the refractory period of the nerve 
ending is not increased by acid. 

We may conclude that perfusion with fluids on the acid side of 
neutrality causes the nerve ending to conduct with a decrement. The 
effect can be detected with a fluid of p n 6-5 but it does not appear for 
several hours even in the more acid solutions. As the nerve itself shows 
no alteration in conductivity after six hours’ perfusion -with a fluid of 
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30 o.c. of goat’s blood were drawn off into a vessel containing 0-7 c.c. 
of 10 p.c. potassium oxalate solution. 10 c.c. were rotated in alveolar 
air at room temperature and then three samples were drawn off into 
three dialyse’rs: (1) containing 0-1 c.c. of 0-8 p.c. NaG'l; (2) containing 
0-05 c.c. of 4-8 p.c. CaClo', and (3) containing 0-105 c.c. of 4-3 p.c. CaCl 2 . 
After dialysis it was found that the p u of (1) and (2) was 7-30 and of 
(3) 7-30. The blood in the second dialyser was incompletely clotted, tho 
blood in tho third completely clotted. 

The method was then varied and another determination made as 
follows. Specimens of cat’s blood were drawn from the carotid artery 
direct into three dialysers, (1) containing a pinch of potassium oxalate, 
and (2) and (3) containing no oxalate. The p„’s were (1) 7-6; (2) 7-58; 
(3) 7-6 — the variation in (2) being within the limits of experimental 
error. The blood in the first dialyser was not clotted, whilst that in (2) 
and (3) was firmly clotted. 

From these observations it appears that the reaction of the blood is 
not affected by coagulation. 

Note: The specimens of blood required for these experiments were 
obtained from the animals by Dr C. Lovatt Evans. 
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Physiological cost of walking — In and out of training. By A. D. 

Walter and 6. De Decker. 

Tho object of the following observations was to measure tho cost 
of a given amount of work done by a healthy adult, (a) out of training, 
( b ) in training. We have been so fortunate as to enlist for this purpose 
the kind cooperation of Dr E. Liiseher (of Berne) who is an almost 
exclusively sedentary worker during the academic session, and a notably 
strenuous walker and climber during tho vacation. The test-work 
carried out by him for our purpose in July when he weighed 02 kilos 
and was clearly out of condition, and in October after two months of 
rock climbing, when be weighed 60 kilos (clothed in both cases), consisted 
in a horizontal walk thirty times round a garden (209 X 30 = G270 
metres), i.e. of approximately four miles in one hour, at “go as you 
please” speeds in Observations I and II, at a restrained speed in' Ob- 
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where T is the surface tension of the liquid, and R the radius of the 
bubble. That is to say the pressure in the bubble has a simple inverse 
linear relationship to the radius. If the radius approaches the in- 
finitely small will the pressure, as stated in some books oh physical 
chemistry, approach the infinitely great? It will not for this reason that 
when the diameter of the bubble is less than the range of attraction of 
the molecules of the liquid, such molecular attraction will play through 
the bubble and the molecules that bound the bubble will no longer be 
acted upon in an unbalanced manner. Consequently when the bubble is 
of molecular size the surface tension and the excess pressure become zero. 

It appears therefore that a quantitative estimation of catalytic 
power with varying diameter of colloidal dispersed pha^e would give 
an indirect method of measuring the range of molecular attraction. 

The influence of .coagulation upon the reaction of blood. By 

J. P. Ross. 

Among the many sources of difficulty attending the use of the 
hydrogen electrode for determination of blood reaction is that associated 
with an accumulation of fibrin on the surface of the platinum electrode. 
According to Michaelis(i) this causes an apparent acidification of the 
blood; though experiments made by Hober(2), also with the hydrogen 
electrode, with the object of determining the influence of coagulation 
on blood reaction, showed 'no appreciable difference. In view of the 
difficulty of obtaining satisfactory results by the use of the hydrogen 
electrode, advantage was taken of the method recently described by 
Dale and Evans(3) to investigate this point, since the method enables 
comparative results to be obtained of the same order of accuracy as 
those yielded by the hydrogen electrode. 

It was decided to make one determination noth oxalate in the blood 
in the dialyser, and a second with the equivalent amount of calcium 
chloride added to it so as to produce coagulation. A blank experiment 
was first carried out to ascertain the effect of adding calcium chloride 
to the blood. Defibrinated goat’s blood was taken and rotated in a 
tonometer containing alveolar air, at room temperature. After twenty 
minutes specimens were run into two dialysers, one of which contained 
04 c.c. of 0-8 p.c. NaCI, and the other 0-4 c.c. of 4-8 p.c. CaCl 2 . The 

of each of these samples was found to be 7-33. Thus the addition of 
calcium chloride in this proportion does not appear to alter the reaction 
of the blood. 
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Further observations on the same lines are evidently required, and 
we should be very glad to obtain an opportunity of repeating the 
observations upon suitable volunteers, i.e. in and out of training, before 
formulating a conclusion concerning the efficiency of the human machine 
in and out of training. 

Nole . — We took a measurement of Dr L.’s efficiency by the staircase 
test on Oct. 24th with the following result: 

CO« = 1-25 c.c. per KgM; = 0 8 and Efficiency = 32 % . 

OU 2 


Radioactivity and smooth muscle. By E. Soref. 

Spaeth(i) has shown the stimulating effect of KC1 on the melano- 
phores Fundulus Heteroclitus (that are functionally modified smooth 
muscle) and on. the isolated uterus of the guinea-pig. 

Potassium emits /3 rays (Rutherford). Therefore I investigated 
the action of other radio-active bodies. They ail proved to be efficient. 
Uranium, thorium, and rubidium salts produced a submaximal con- 
traction of the guinea-pig’s isolated uterus immersed in Locke-Ringcr, 
in smaller doses than that of potassium chloride. For ciesium a larger 
dose than that of ICCl was necessary. 

Also free radiations were effective. The proximity of a capsule of 
mesothoriuin produced an increased tonus of the uterus. 

Zwaardemnker(2) in his attempt to substitute radio-active salts 
for KC1 in frog’s heart Ringer says he succeeded when using icquiradio- 
active doses. 

In my experiments with the guinea-pig’s uterus rubidium chloride 
acted as a perfect substitute; uranium and thorium were only partially 
successful. 

Other smooth muscles were investigated. The intravenous in- 
jections into a pithed eat of rubidium and uranium salts and also of a 
solution of emanation produced a rise in the blood-pressure. The uterus 
and the intestine responded in the same way as they do to adrenalin. 
That is to say they have a sympathomimetic action — thorium and 
potassium proved to be fatal. 

REFERENCES. 

(1) Spaeth. V.S.A. Public Health Treasury, Bulletin US. October 1918. 

(2) Zw aardemaker. Journ. Phytiol. 1920. 
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servations III and IV. The speed of walking was recorded on a revolving 
cylinder by a Marey tambour connected with a closed rubber tube upon 
which the subject stepped at each lap; a chronograph marked minutes. 
Samples of the expired air were collected during a space of 50 metres 
for a time of 25 to 28 seconds at every fifth lap, measured by a Boulitte 
spirometer, and titrated for C0 2 . The readings were converted at once 
into c.c.’s C0 2 per second, and plotted as ordinates upon squared paper 
as shown in this graph of Observations I and IV. 



As may be seen in the following summary of results, Dr L.’s “go 
as you please” speed is above the usual average 3-1- to 3| m.p.h., i.e. 
4J m.p.h. in his untrained state on July 1, and slightly over 4-1 in his 
trained state on Oct. 22. And he was 4 kilos heavier on this second date. 
Yet the cost of work, or the C0 2 /KgM ratio, was distinctly lower in 
the second case. At the approximately equal speeds 4-25 and 4-30 m.p.h. 
in Observations I and IV, the difference is surprisingly great, 0-215 c.c. 
per horizontal KgM in the untrained state as compared with 0-098 in 
the trained state. 

/ 

Summary of Results. 


Dr E. L. Cost of -walking — in and out of training. 


nervation 

Speed 

proposed 

S]>eed 

Time of ^ — ^ 

30 laps metres {miles 
(6270m.) persec. perlir) 

Work 
KgM(lior.) 
per see. 

Cost of work 
c-a’s.CO.persec. 
gross— bisal=net 

C. July l 

“as you please” 

55' 0' 

1-90 (4-25) 

117-9 

2S-3- 3-0=25-3 

[ . Oct. 22 

do. 

51' 12' 

2-04 (4-56) 

134-7 

28-0-3-0=25-0 

[ . Do. 

restrained 

59'. id" 

1-75 (3-91) 

115-2 

15-3 -3-0 = 12-3 

T .Oct. 23 

do. 

54' 20' 

1-92 (4-30) 

127-0 

15-5 -3-0 = 12-5 


Calories 

npjvtoxir 

it’s/per lp at 5 c 
Vi (bor.) perlto- 

1-0 


•215 

1-186 

•107 

•098 


0-9 

0-5 

0-5 
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The alleged hypersueceptibility of the rat to squill. By J, A. 

Gukn and It. St A. IIeathcote. 

That the rat is much more sensitive to the toxic action of squill 
than other laboratory animals is a statement which has long been 
accepted 0), and which is still current. We have not been able to find the 
original experiments upon which this statement is based. It is claimed 
that the use of squill as a rat poison depends upon it, because the rat 
succumbs to amounts of squill that are innocuous to rabbits, cats, dogs, 
pigs, fowls, etc. 

It is well known, on the other hand, that the rat shows a high degree 
of tolerance to other glticosides of the digitalis group of which squill is 
a member. Thus one of us has shown (2) that the minimum lethal dose 
by subcutaneous injection of an extract of strophanthus was thirty 
times greater for the rat than for the rabbit. When the isolated hearts 
of these animals were perfused, it required about thirty times as strong 
a solution to arrest the rat’s heart as sufficed to arrest the rabbit’s heart 
in the same time. The congenital tolerance of the rat to Btrophonthus, 
is therefore, in part at least, due to a specific insusceptibility of tho 
heart of this animal to the action of strophanthus. 

It seemed remarkable, therefore, that the converse should be true 
of squill; and it seemed probable that, if the rat showed a congenital 
intolerance to squill hut a congenital tolerance to the other members 
of the digitalis group, and if this were accompanied by a corresponding 
difference in toxicity to the heart, there roust be some intrinsic difference 
between squill and these other glucosides in their action on the heart, 
and that this difference might he of importance in other connections. 

KapaczewskiP) stated that the rabbit, rat, etc., are about equally 
susceptible to squill administered subcutaneously, but when Iris data 
are reduced to dosage per kilogramme they show that the M.L.D. is 
slightly higher for the rat. He found that squill when ingested is more 
toxic to tho rat than to other laboratory animals, but bis experiments 
are not sufficiently complete to make this certain. 

We have prepared a glucoside from squill by a modification of 
Ewins’ process and have found that the minimum lethal dose per kilo 
by subcutaneous injection was about 5 mg. for the rabbit and ICO mg. 
for the rat. The rat, therefore, survives a dose thirty times greater than 
the rabbit. Also it requires much higher concentrations of the gliicbside 
to arrest the rat’s heart than suffices to arrest tho rabbit’s ' * 

same time. In bo far as this glucoside is concerned, therof- 
resembles strophanthus; the rat’s heart is relatively ' Jive 
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A simple artificial respiration apparatus. By ,T. W. C. Gunn. 

Lack of a suitable apparatus for administering artificial respiration 
and the length of time that would elapse before one could be obtained 
from an instrument maker necessitated the improvising of some ap- 
paratus that would serve the purpose. That shown in the illustration 
was made out of oddments, and has proved very efficient. 



The pump (A) was a pneumatic door-check. It is fixed to the b'ase 
board by the hinged attachment at B (part of the pump as bought). 
The driving wheel, driven from rotating shafting by a continuous cord 
in the usual way, rotates the crank ((7),- which has three holes pierced 
in it. The piston rod of the pump is fixed to the crank by a screw which 
passes through a hole in the end of the rod and through one of the 
holes in the crank. This screw is rigidly fixed to the crank by a nut at 
each side, but fits loosely in the piston rod so as to allow for rotation. 
The stroke of the piston, and consequently the amount of air delivered, 
can be regulated by passing the screw through the different holes in 
the crank. The longest stroke is suitable for a dog, while the shortest 
is sufficient for a rabbit. A tube from the pump passes to a small box (D) 
containing two simple valves as shown in inset, arranged so that the 
air expelled from the pump is driven towards the animal but that no 
suction is made on the lungs when the pump is filling. 

This pump was assembled for me by Mr R. McManus, mechanical 
assistant in the Physiology Department, University of Cape Town, at 
a cost of under £1. If fitted with a small motor driven from a wall-plug 
it would be found very useful for occasional theatre and other demon- 
strations where no other means of giving artificial respiration is installed. 
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non-pregnant cat, of the guinea-pig and of the rat contract under tin; 
action of adrenaline just as does the vagina of the rabbit. A motor 
effect is obtained until adrenaline whether one records the movement « 
of the longitudinal or circular muscles of the vagina. If a record bo 
taken of a series of rings of the vagina, the motor effect produced by 
ndrenaline is greater on those rings nearer the vulvar orifice, but the 
effect does not seem to be restricted to a sphincter vagina;. The motor 
effect on the vagina is quantitatively much less than the inhibitor effect 
on the uterus, so that when a record is taken ol the combined move- 
ments the former factor is easily missed. 

There is evidence that the vagina contracts during coitus. This 
contraction may therefore occur either through the parasympathetic 
(sacral) nerves (-t) or through the sympathetic. In animals like the eat, 
guinea-pig, or rat, a purely sympathetic stimulation, giving rise to a 
contraction of the vagina with relaxation of the uterus, may conceivably 
aid in the injection of spermatozoa into the cavity of the n tern*. 

It is possible that the motor effect of sympathetic stimulation on 
the vagina may be found to be more pronounced during the octree,'' 
period. 

RETZBEXCES. 

(1) Laaglev aa'J Aivierecm -t'caa- c-f j>. Igz. 

(2) Coihav. I tad X5 1 ISrCrjiiDi.'*. E/i. K !Ci. :?tv v 

(3) Gera and Gena. J-caa- id trtatraa.;ru tad Era- 7ta*r. v. 127, < 

(4) Sitrrirrter- Jure- ef FSr*- £t it'- 
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It is of course still possible that the rat may be more susceptible than 
other domestic animals to squill taken by the mouth; but this, if true, 
must be due either to some constituent of squill other than the glucoside 
or to some difference in action other than the action on the heart. The 
possibility that this alleged hypersusceptibility of the rat may be due 
merely to the fact that the rat is the only domestic animal that will eat 
squill has not been sufficiently excluded. 

The object of this note is to point out that, so far as concerns the 
lethality by subcutaneous injection and the toxic action on the heart 
by perfusion, the glucoside of squill that we have used resembles the 
other glucosides of the digitalis group. The rat is markedly less susceptible 
than the rabbit. 


REFERENCES. 

(1) Robert. Lehrbucb dor Intoxikationcn, 1211. 1906. 

(2) Gunn. Joum. of Pharm. and Exp. Thcr. 4. 225. 1913, 
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The sympathetic innervation of the vagina. By J. A. Gunn and 
D. S. Davies. 

Three types of uterine innervation are known : (a) as in the rabbit, 
where the sympathetic nerve is motor to the uterus whether pregnant 
or non-pregnant (l); (b) as in the cat, where the sympathetic nerve is 
motor to the pregnant but inhibitor to the non-pregnant uterus (2); 
and (c) as in the guinea-pig, where the sympathetic nerve is inhibitor 
to both pregnant and non-pregnant uterus (3). The reaction in these 
cases to adrenaline is qualitatively identical with the effect of sympathetic 
stimulation. The effect of sympathetic stimulation of the vagina has 
not been revised with a view to determining whether it follows or differs 
from that of the uterus in the case of the three types above mentioned. 

Where the effect of sympathetic stimulation of the uterus is motor 
the coexistence of inhibitor fibres can be shown by special methods. 
The influence of the latter is usually masked by the more powerful 
effect of the motor fibres when the mixed sympathetic nerve is stimu- 
lated. The existence of a parasympathetic nerve supply to the uterus 
is denied. 

We have so far investigated chiefly the reaction of vaginal muscle 
to adrenaline, using this as an indication of the effect of sympathetic 
stimulation, and have' found that it is motor in every case, regardless 
of what may be the reaction of the uterus. Thus the vagina of the 
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a cholcsterin suspension in distilled, water, the other (on the right facing) 
a cholestorin suspension agglutinated by riein also in distilled water, 
both suspensions being layered under distilled water. When the current 
passes the non-agglutinated particles migrate to the positive pole, but 
the agglutinated particles remain stationary. Their agglutination was, 
therefore, accompanied by an abolition of the negative electric charge 



Fig. l. 

of the particles and the presumption was that ricin acted as a positively 
charged colloid, and that the agglutination was an example of Hardy's 
rule. 

The cholestorin suspension thawed towards electrolytes the usual 
behaviour of a suspension of negatively charged particles, being pre- 
cipitated in 21 hours by molar solutions in .concentrate ■•35‘ 
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Agglutination by Ricin, etc. By J. A. Gunh. 

In tlie course of experiment's instituted with a view to seeing if it 
might be possible to discover whether any particular constituent of the 
red blood corpuscles was specially concerned in agglutination by ricin, 
I found that ricin “agglutinated” a suspension of cholesterin. The cho- 
lesterin suspension was made by dissolving cholesterin in ether and 
triturating the solution while the ether evaporated; the resulting cho- 
lesterin powder was shaken with water, allowed to stand for a few days 
till the larger particles deposited, and the supernatant suspension was 
then very permanent. One such suspension has not completely deposited 
in two years. 

In order to obtain a suspension more nearly resembling blood in 
size and weight of particles, I poured a solution of cholesterin dissolved 
in ether over finely powdered carmine and stirred while the ether 
evaporated, with the intention of coating the carmine particles (which 
are insoluble in ether) with a film of cholesterin. A carmine-cholesterin 
suspension of this kind in water was also agglutinated by ricin. I then 
found, however, that a carmine suspension without cholesterin was also 
agglutinated by ricin, as was a suspension of resin. It was obvious, 
therefore, that this agglutination was not chemical but physical, seeing 
that the suspensions could hardly have anything in common beyond 
the possession of a negative charge on the suspended particles. As the 
red blood corpuscles were also known to have a negative charge, the 
question arose whether the agglutination of red cells by ricin was not 
similar in type to the agglutination of other suspended particles which 
possess a negative charge. Of a large number of experiments dealing 
with these questions I wish to mention some of the results. 

The accompanying photograph shows the result of passing a current 
simultaneously through two Hardy's tubes in series, the one containing 
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been placed in brackets because regarded in terms of excitability alone 
its quick change is positive since it then acts as a substitute for calcium, 
but inasmuch as in doing so it displaces and antagonises calcium this 
action from the calcium standard is negative. 


Substance 

Quick change 

Slow chango 

Adrenin . 

- 

+ 

Alcohol 

- 

+ 

Barium 

( + ) 

- 

Caustic soda or potash 

- 

+ 

Chloral hydrate ... 

- 

+ 

Chloroform 

- 

+ 

Digitalis 

0 

+ 

Ether 

- 

+ 

Magnesium 

- 

+ 

Potassium 

- 

+ 

Sodium 

- 

+ 

Calcium 

+ 

- 


This table has been used for predicting the existence of relations 
between its elements. For example, make the short abstract of digitalis 
and calcium. 

Wo have 

Quick change Sion change 

Digitalis O 5--f- 'T' 

Calcium -f- 4"" — v , 


We have (1) a direct relation of antagonism between thoir slow 
changes indicated by the double arrow, (2) an indirect relation of rein- 
forcement indicated by the double broken arrow. 

The indirect relation of reinforcement was discovered by C 1 a r k (i ) \\ ho 
found that the assumption of the systolic state by a heart under the 
influence of digitalis depended on calcium. His experiments did not 
lead him to look for an antagonism. This table shows there is an an- 
tagonism of which the experimental verification is given elsewhere (2j. 

The relations between magnesium and calcium arc more complicated. 

Wc have 


Quick change 

Magnesium / ' ^ 

Calcium T 


Slow change 
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0*53 KC1, 0'009 CaCI 2) 0*009 BaCi 2 . The precipitating power of ricin 
towards such suspensions was enormously influenced by the presence of 
electrolytes, e.g. a carmine-cholesterin suspension was precipitated in 
24 hours by ricin 1 in 2000 in distilled water, and by 1 in 25,000 when 
sodium chloride was present in 0*25 per cent, concentration. 

Experiments similar to that in Fig. 1 were performed with rabbit’s ‘ 
corpuscles. I found that when a current is passed through two Hardy 
tubes in series, the one containing a suspension of red blood corpuscles 
in isotonic sugar solution, the other red blood corpuscles agglutinated 
by ricin also in isotonic sugar solution, both layered under isotonic sugar 
solution, the non-agglutinated corpuscles migrate away from the negative 
pole but the agglutinated do not. In the process, therefore, of agglutina- 
tion by ricin, the red cells lose their negative charge. The conclusion 
drawn from these experiments is that agglutination by ricin is partly 
at least non-specific and is of the nature of the precipitation of one 
colloid by a colloid of opposite sign. It does not follow that this is the 
sole factor concerned in riein-agglutination of red blood cells. 

In further experiments I found that cobra venom and Daboia venom 
agglutinated a cholesterin suspension in concentrations of 1 in 100,000, 
Ecliis venom in 1 in 5000, but dried egg albumen did not agglutinate in 
2000. Cobra venom haemolysed red cells in concentration of 1 in 30,000, 
echis venom did not hremolyse in 1 in 2000. The samples of venom were 
old, but the cobra and daboia venoms were still toxic as tested on 
rabbits, whereas the echis venom had nearly completely lost its activity. 
So far as these experiments go — and in the meantime they are merely 
provocative — they suggest a relation between the physiological activity 
of toxins and their capacity to act as positively charged colloids. 


Note on antagonisms and reinforcements. By W. Burridge. 

The author has shown that cardiac excitability can be reversibly 
influenced in two ways, (1) quick changes coming and going concomi- 
tantly with the substance producing them, (2) changes slower developing 
and especially subsiding slowly. On the basis of such changes a table 
was constructed some time ago taking calcium as the standard. A 
negative sign indicates that the magnitude of the cardiac response to 
calcium is diminished or, expressed differently, a greater amount of, 
calcium is now necessary to evoke contractile activity from a given 
proportion of the whole contractile material and vice versa for the 
positive sign. The sign for the quick change produced by barium has 
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Freshly made solutions were used for each experiment, and, except 
that the 25 c.e. of solution used was evacuated in tho pump, the whole 
procedure followed that employed by Christiansen, Douglas and 
Haldane 1 . The volume of the saturator was 2500 c.c. so that tho relative 
volumes of solution and gas-space were nearly the same as in their 
experiments. Where the object was to ascertain that a given solution 
absorbing a definite volume of carbon dioxide at a known pressure, 
dissociated again at a lower pressure twice the volume of hmmoglobin 
was used. 

Solutions of luemoglobin do not absorb quite so much carbon dioxide 
as a deposit of red corpuscles of the same strength in hemoglobin, but 
the difference is small. The curve is lowered should any of the hcemo- 
globin become oxy-h®mogIobin. Between 40 and GO mm pressure of 
C0 2 considerable quantities of carbon dioxide are absorbed by haemo- 
globin, and at any given pressure of C0 2 , Che amount of gas taken up is 
lost rapidly on exposure to a lower pressure. 

Absorption o! carbon dioxide by hemoglobin solutions oi 12*8 p c. 


Time in 

Pressure ot CO x 

Yols. o! CO. 

saturator in 

in saturator 

per 100 c o. 

minutes 

in mm. Hg. 

Hb solution 

65 

7-08 

584 

60 

13*8 

7 05 

64 

171 

10-1 

60 

27*1 

14 52 

62 

38-1 

16*1 

64 

471 

19 9 

63 

54-4 

2446 

02 

eso 

26 2 

64 

7G-2 

• 28 9 


I 

Capillary pressure (II). By Leonard Hill. 

In the Proc. Physiol. Sac. July 10, 1920, I pointed out that, using 
the method of Roy and Graham -Brown, tho pressure which stops 
the flow does not indicate the capillary pressure, but that in the arteries 
which supply the area compressed, and that tho capillary pressure may 
be taken to be that pressure which just begins to lessen the velocity of 
flow in those capillaries wherein tho flow is slowest; these naturally 
first undergo compression, tho blood taking tho pathway of less resistance 
through other capillaries. If the compression bo gradually increased 


1 Joum. of Physiol. 4B. p. 241. 1914. 



xcii PROCEEDINGS OF THE PHYSIOLOGICAL 

There are two groups of relations : 

!• Their direct relations — indicated by the double upright arrows 
whereby they produce excitability changes of similar type but to opposite 
ends. 

2. Their indirect relations — indicated by the double broken arrows 
whereby they produce excitability changes of different type to similar 
ends. 

The relations between magnesium and calcium are thus fourfold, 
viz. two direct antagonism between excitability changes of similar type 
and two indirect reinforcements between excitability changes of different 
type. Many observers have described an antagonism between mag- 
nesium and calcium but not the existence of two antagonisms or the 
crossed reinforcements. The predictions made from this table have been 
verified. 

The finding of the two modes of excitability changes with the 
corresponding direct and crossed reinforcements and antagonisms renders 
the subject more complex at first but eventually leads to simplification. 
Thus, the controversy as to whether sodium or calcium initiates the 
heart beat has a solution from the table in a crossed reinforcement 
whereby sodium winds up the excitation spring until it is released by 
the calcium catch. 


REFERENCES. 

(1) Clark. Proc. Roy. Soc. Med. 3. 181. Bond., 1911-12, 

(2) Burridge. Quart. Journ. of Med. 9. p. 271. 1915-16. 


The absorption curve of haemoglobin and carbon dioxide. By 

George A. Buckmaster. 

The curves given by Bohr in 1886 were for solutions of haemoglobin 
of a strength of 1-76 p.c. and 3-8 p.c. These were not reproduced in his 
account of the blood gases in 1905 in Nagel’s Handbuch der Physiologic. 

I have determined about 25 points for the absorption of carbon 
dioxide by haemoglobin (horse) between pressures from 0 to 98 mm. of 
C0 2 and find that solutions of haemoglobin behave towards this gas 
according to the Dalton-Henry law. 

Solutions of pure recrystallised haemoglobin of a strength approxi- 
mately equal to that in the blood 12-8— 11*9 p.c. were first rendered 
completely gas-free and then subjected in a saturator at 37 -38 0. to 
varying atmospheres of nitrogen and carbon dioxide. 
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uf compression. The acceleration is due to the expression of blood from 
the capillaries, the retardation to the capillaries filling again. To slow 
flowing venules a pressure of 0'5 to 1 cm. of water, momentarily applied, 
may suffice to check the flow. The pressure which momentarily checks 
the flow in the arteriole is the true pressure and closely approximates 
to that pressure which, when continuously applied, retards the flow 
in those capillaries with the slowest rate of flow, c.q. those seen at the 
very edge of the web. The check is momentary, because if the com- 
pression is maintained the pressure hanks up behind it. 

As the water manometer, owing to its inertia, does not fully record 
the value of a momentary compression, I have used an air manometer 
with a xylol index, graduating this against the water manometer. 

The check-flow index is quite sharp, for example a pressure of 
3 cm. HjO momentarily applied may not check the flow momentarily 
in the arterioles, while a pressure of 4 cm. H,0 may do so. The con- 
clusion then is reached that the pressure in the arterioles with un- 
obstructed rapid flow, is not higher than about 2-5 cm. of water, and 
that the fall of pressute from arteriole to venule is a very slight one. 

Observations have been made on the mouso’s ear and mesentery, 
and the cat’s mesentery, which confirm tho conclusion that the pressure 
in the capillaries, arterioles and venules is no higher than in the case 
of the frog’s web. The assumption which has been made that the 
capillary pressure is some 30 mm. Hg and the hypotheses as to the 
transudation of lymph, urine, etc., based on that assumption appear 
then to bo untenable. Be it noted that an area 2 mm. in diameter in 
the frog’s web includes capillaries, arterioles and venules, and that the 
measurement of tho pressure required to pale an area of skin in man is 

! a measurement not of capillary pressure, but of the pressure in tho 
small arteries supplying that area. The readings are also too high owing 
to the resistance of tho homy layer of the epidermis. 

' Note on a retinal reflex In the frog following benzene admini- 
stration. By A. T. Cameron and P. A. Sedziak. 

We can find no reference in the literature to the reflex described 
below and as through pressure of other work we are unable to investigate 
it further, we have decided to publish this note, since the observation 
appears to present several points of interest meriting’ ' 1,nr in. 

tion. It was noted incidentally in rehearsing a . ’ - <- * t 

relative pharmacological oflects of A <> 
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the flow is slowed, then stopped in more and more of the capillaries until 
it continues only through the most direct pathways connecting the 
arterioles with the venules, wherein the velocity was greatest to start 
with. With further increase of compression the flow of blood beconu 
pulsatile not only in the arterioles but in these capillaries, and in th 
venules, the compression being sufficient to stop the flow in diastoh 
but not in systole. Finally the blood is expressed out of the capillarie 
and veins, and the pulse is seen swinging the corpuscles to and fro in th 
arterioles, but not translating them onwards; the pressure required t 
just produce this effect is the systolic pressure in the arteries supplyia 
the compressed area. 

It was pointed out that all those phenomena which take place o] 
the application of pressure to the arm by means hi the cuff of th 
sphygmo-manometer can thus be observed. The diastolic pressure cai 
be measured in the frog’s web. It is that pressure which just arrest 
onward flow of the corpuscles in diastole, while the systolic is tha 
pressure which just prevents onward flow in systole. Tor example i 
a frog’s web these pressures were 23 and 36 cm. of water. 

To determine the pressures correctly, the transparent membran 
covering the compressioii chamber must be tied on loosely, as Roy an 
Graham-Brown direct, so that when blown up it forms a dome ove 
which the web is spread, the threads attached to the toes being carriei 
to pins, and the leg arranged so that the flow of blood to the web is fre 
and unobstructed. The glass against which the' web is pressed is lowerei 
until it touches the web and toes on either side, the top of the dom< 
being thereby slightly flattened. The web is compressed between th< 
flattened part of the membrane and the glass. Great care must bf 
taken to secure that the toes are not pressed against the top of the 
pressure chamber, and that pressure is not spent in merely expanding 


the membrane. 

If compression be momentarily applied to webs so arranged, it will 
be found that a pressure of 2-5 cm. of water momentarily checks the 
flow of corpuscles in the arterioles, while it fakes some 20-35 cm. ol 
water to stop the. flow altogether, that is in the case of frogs with the 
brain destroyed, or under urethane. The lower the arterial systolic 
pressure the less is the pressure required momentarily to check the flow. 
In the chief capillary branches, where velocity of flow is rapid, the same 
pressure momentarily checks the flow, and at the same time as in the 
arteriole, but in the case of a fast flowing venule the flow may be accele- 
rated during and retarded momentarily after a momentary application 
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the retinal reflex cannot be observed, while 0-7 per cent, may not pro- 
duce any definite effect. In one experiment, in which no marked effect 
on the frog had been observed during one hour after injection of this 
dose, subsequent injection of a 04 per cent, dose evoked an active 
response in twenty minutes. 

Similar effects have been observed with toluene and to a less extent 
with phenol. Chlorbenzene and brombenzene give the reflex when in- 
jected in somewhat larger doses. The reflex could not be detected after 
injection of similar doses of xylene, aniline, nitrobenzene, benzyl alcohol, 
and pyridine. 

These experiments have been carried out on R, pipiens. 


Influence of the vagus upon the refractory period of the dog’s 
auricle 3 . By A. N. Drury, T. Lewis and H. A. Bulger. (Pre- 
timinary notice.) 


Two secondary coils are joined in series with each other and with 
a pair of stimulating electrodes. The latter are attached permanently 
to a chosen point of the muscle of the right auricle. From one secondary 
coil rhythmic break shocks are sent into the muscle at a rate of approxi- 
mately 200 per minute; these shocks maintain the rate of the auricular 
beats at a constant level throughout the experiment. From the other 
secondary coil occasional shocks are sent in and these shocks test the 
length of the refractory period of the muscle which is responding to 
rhythmic stimulation. It is a matter of importance that these test shocks 
should lie well above threshold value; it is also important in estimating 
the refractory period of the muscle that the testing shocks should enter 
the muscle at the point at which its rhythm is originating. It is for this 
reason that the two series of shocks are sent through the same electrodes. 
The responses of the heart are recorded by means of the string galvano- 
meter connected to a pair of non-polarisable contacts placed on the 
muscle at a little distance from the stimulating electrode. The shocks are 
recorded by the second string of the instrument. Very accurate readings 
are obtained by measurement of the plates obtained. Observations have 
been made upon eight dogs, fully anmsthctised with morphia, paralde- 
hyde and ether. 

When the auricle is heating at rates in the neighbourhood of 200 
minute, the refractory period measures in the average about 

1 Work ijnderfnk'Pn on bebftlf of the Jletlicnl Rr , 


> 
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Injection of 0-5 c.c. of pure benzene into tbe anterior lymph sac of 
a frog weighing about 50 grams produces distinct effects within a. few 
minutes. The eyes close, movements become sluggish, when turned over 
the animal recovers its normal position with difficulty, and in most cases 
can no longer do so after ten minutes. The body often becomes charac- 
teristically arched. The usual reflexes gradually disappear. Breathing 
ceases. With the gradual disappearance of the conjunctival reflex the 
eye opens, the nictitating membrane is usually drawn down, and the 
“retinal” reflex can be observed. Initially it would appear to be evoked 
by any change in intensity of illumination. When the hand is passed 
suddenly between the frog’s eye and the source of light within one or 
two seconds the head is moved, and usually the hind limbs also. When 
a bright light (electric light at a distance of one foot) is suddenly switched 
on, the response follows. On switching the light off the response is more 
marked. Direction of light to and from the pupil only, the rest of the 
head being screened from light changes, evokes the response. Gradually 
the response to sudden increase of illumination ceases. The response to 
sudden decrease of illumination persists much longer. Cessation ol 
stimulus appears therefore to be more powerful than application ol 
stimulus. Ether anaesthesia abolishes the response to increase of illu- 
mination first. 

The maximum effect is reached at from twenty to twenty-five minutes 
after injection, and the reflex disappears in another twenty to sixty 
minutes or, occasionally, after even a longer interval. Quality of light 
does not affect the result; both red and blue light evoke the reflex. 
Intensity of light appears to be the governing factor. A retina fatigued 
by the shining of a strong fight upon it for some minutes does not.call 
forth such an active response on switching off the fight. There may be 
no movement, but after a minute or two the response can be again 
elicited by further fight stimulation. The degree of response varies in 
different animals from a slight head movement to such vigorous move- 
ments of the hind limbs as would be excited by a strong electric current 
applied externally. After the reflex has disappeared electrical stimulation 
still produces active muscular responses. Examination of the animal at 
this stage shows a very dilated heart, auricle still beating, ventricle 
stopped, lungs collapsed. There is always marked red pigmentation of 
the abdomen and hind limbs, which develops a few minutes after injec- 
tion of the drug. 

The optimum dose of benzene appears to be 1'2 per cent, of the 
body weight. Two per cent, induces convulsions and death rapidly, and 
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Effect of vagus upon the rate of transmission of the excitation 
wave in the dog’s auricle 1 . By T. Lewis, A. N. Drury and 
H. A. Bulger. ( Preliminary notice.) 

Some years ago one of us, working in conjunction with Moakins and 
White [Phil. Tran’!. 1914, ccv. 375) obtained evidence that vagal stimula- 
tion (right and left) has no influence upon the rate at which the natural 
excitation waves are propagated through the dog’s auricle. These results 
were complicated in certain degree by a lesser or greater reduction of the 
rate of the auricular contractions concurrent with the rise of vagal tone, 
though it seemed clear that this reduction in rate did not invalidate the 
conclusion. It has seemed desirable nevertheless to test the question 
again, maintaining the auiicular rate at a constant point in and out of 
vagal stimulation by rhythmic stimulation. 

The auricle is stimulated by means of rhythmic break shocks in line 
with two pairs of non-polarisable contacts laid on the auricle, each pair 
of the latter being connected to one string of the recording galvanometer. 
The rate at which the excitation waves are propagated iB indicated by 
close measurement of the interval separating corresponding deflections 
of the two strings. The effect of stimulating the right (or left) vagus* upon 
the right auricle has been examined in observations upon twelve dogs, 
fully antesthetised with morphia, paraldehyde and ether. The rate of 
transmission has been tested over the body of the right auricle, and over 
the tamia in the region of superior and inferior vena cava. Using rates 
of rhythmic stimulation lying between 180 and 300 per minute we find 
that vagal stimulation, sufficiently powerful to bring the ventricle to a 
standstill, is without effect upon the rate of transmission. 

Thus, we have been unable to find in the dog’s auricle any effect 
comparable to that which seems evident from certain of G a shell’s well- 
known observations upon the tortoise auricle, namely, evidence of de- 
pressed conductivity under vagal stimulation. The contrast between the 
two series of observations is sufficient to emphasize the need of caution 
in arguing from the cold-blooded to the warm-blooded auricle; our obser- 
vations are also of interest in showing that, while vagal stimulation 
profoundly affects conduction at the A-V ring of tbe dog, a similar effect 
on the auricular muscle is lacking. 

If the dog’s auricle is stimulated at rates surpassing 300 per minute, 
the transmission intervals in the auricle become irregular and are in the 

ftf 

i “Work undertaken on behalf of tbe Jfedical Ilewarctf 
x The right nerve La« received clif! ^ 
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a second; under vagal stimulation, sufficiently powerful to bring the 
ventricle to a standstill, it measures in the average about 002. of a second; 
in the fully atropinized animal it measures in the average about O' 12 of 
a second. The relatively low readings (0-06) in the unatropinized animal 
is due to a local stimulation of the vagus fibres in the heart by the 
rhythmic shocks; the full reduction of the refractory period of which the 
vagus seems capable is represented by the difference in the values 0-12 
and 0-02 of a second. The reduction is to about one fifth or one sixth of 
the full value, In the atropinized auricle beating at 200 per minute 
(cycle of 0-3 of a second) the period of responsiveness measures about 
0*18 of a second (60 p.c. of the cycle); under full vagus influence it 
measures about 0-28 of a second (93 p.c. of the cycle). Thus under vagal 
stimulation the auricle becomes responsive to electrical stimulation over 
‘a much larger proportion of its cycle; this observation is scarcely para- 
doxical, since the length of the refractory period varies in the same 
direction as does the length of the contraction process, and vagal 
stimulation has a profoundly weakening and shortening influence upon 
the contractions of the auricle. 

The action of carbon dioxide on the frog’s heart. By W. Bur- 

ridge. (Preliminary communication.) 

The present author has already shown that the fresh heart of the 
frog perfused with the usual Ringer’s solution is resistant to change 
and ill-adapted to show delicate augmentation. Successful endeavours 
have now been made to render the perfused heart more responsive to 
change and a preparation obtained which is not less than 500 times more 
responsive to the augmentive change of carbon dioxide than the one 
customarily employed by physiologists. This preparation shows : 

1. That carbon dioxide in small doses exerts a marked augmenting 
action on the activity of the heart of the frog. 

2. That the augmenting action has many resemblances to the 
action of adrenin. 

3. That oxygen is necessary to this augmenting action. 

4. In absence of oxygen an amount of carbon dioxide that would 
otherwise excite can depress. 

5. That carbon dioxide does not act in virtue of its concentration 
in hydrogen ions. 

6. That the endocrine glands can determine the degree and nature 
of the response of an organ to carbon dioxide. 
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connected vntli a string galvanometer, and the excursions of the string 
observed by the shadow cast on a screen There was a tremor of the 
string, and as has been described by others, there was an excursion at 
the time of greatest lung inflation, and none at the end of expiration 
Raising the blood pressure by clamping the abdominal aorta caused a 
movement of the string, and on unclamping the aorta, the string re 
turned to its previous position 

This movement was still better displayed on injecting mtrai enously 
5 c c of 1 in 00,000 adrenaline solution The return of the string to its 
normal position took some minutes and so far as the eye could judge 
altered parallel with the carotid blood pressure On opening the cannula 
in the carotid artery' and letting profuse hsemorrhage take place, the 
string moved more quickly' back from the position caused by high 
pressure 

In a second animal the abdominal aorta was first clamped and then 
cut, the results were similar to those in the first experiment and m 
addition the sudden lowering of blood pressure caused an immediate 
reduction of the tremor of the string From these results it appears 
that whilst stretching tile aorta sets up impulses m the depressor nerve 
fibres, the lessening of the stretching simply lessens the stimulation, and 
does not giv e rise to additional nerve impulses 

It is known that section of the depiessor ill the rabbit docs not 
abolish vagus tone Few observations appear to have been made on 
the immediate effect of section of the depiessor Bayhss(l) found no 
offect on blood pressure He quotes Ludw lg and Cy'on ns also having 
found none, and Sewall and Steineras having found a rise of 1 3 mm 
Hg I have made a number of exjienments on this point and obtained 
a quickening of the heart beat and some rise of blood pressure, so that 
I think the self adjusting mechanism of the depressor is in constant 
action 


REFERENCE 

(1) Joum of Phjwol 14 p 314 1893 
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average a good deal prolonged above those obtaining at lower rates. In 
such circumstances vagal stimulation reduces the transmission intervals 
approximately to the values prevailing at lower rates of stimulation, 
and abolishes the irregularity. We ascribe these two effects of vagal 
stimulation to its power to reduce the refractory period of the auricular 
muscle, and conclude that lengthened and irregular transmission intervals 
in the dog’s auricle result when the oncoming excitation waves flow 
through muscle in which the refractory phase has not completely sub- 
sided, , a condition brought about when the rate of stimulation is 
sufficiently advanced. 

There seems to us to be sufficient evidence that the lengthened and 
irregular transmission interval in auricles responding to high rates of 
stimulation, described by Lewis, F e i 1 and Stroud (Heart, 1920, vii. 247), 
and those observed in instances of auricular flutter, whether the latter 
be pure (ibid.- p. 191) or impure (ibid. p. 293), are of this nature. 

Self- adjustment of blood-pressure. By W. A. Osborne. 

In 1916 1 I pointed out that as all self-adjusting mechanisms must 
produce an oscillatory equilibrium, we ought to expect such in a number 
of standards maintained in the body. The generalisation might perhaps 
be made that the amplitude of the oscillation should, in health, be too 
small to be easily detectable and should become prominent only in 
pathological states. A striking instance has been furnished by Ha Ida n e 
and his school in elucidating the nature of Cheyne-Stokes respiration. 
We find oscillatory adjustment in temperature regulation and also, I 
contend, when a limb (including the eye) assumes through voluntary 
muscular action a special directive position not an extreme of joint 
movement. 

It is well known that a rise of blood pressure by stretching the aorta 
stimulates the depressor vagus fibres ending in it, and causes reflexly 
a slowing of the heart beat. It is known also that a fall of blood pressure 
will quicken the heart beat. It seemed possible that the lessening of 
aortic tension might stimulate vagus fibres different from those stimu- 
lated by stretching, and cause reflexly a quickening of the beat. The 
tAvo kinds of nerve fibres would then be part of a self-adjusting mechan- 
ism. In order to test this, the right vagus of a dog under morphia was 
cut; the longitudinal surface and the cut end of the distal part were 

1 Oscillatory Adjustments in the Animal Body. Proc. Roy. Soc. Victoria, 29., New 
Series. Pt, 2, p. 115. 1916. 
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exclude air. To ensure synchronicity in obtaining arterial and venous 
blood it -was subsequently found desirable to insert a small arterial 
cannula from which the blood was collected under paraffin by one 
operator, while the other simultaneously performed venous puncture. 
Asphyxia of various degrees was subsequently induced in successive 
experiments by clamping the tracheal tube. 

(2) Collapse of one lung. The thoracic wall on the right Bide was 
opened and the collapse of the right lung demonstrated by digital 
examination. 

(3) Occlusion of bronchus. Dogs wero employed. A large plug of 
cotton-wool soaked in oil was inserted into the trachea and by means 
of a probe was pushed into one bronchus. It was found impossible to 
ascertain the exact position of the obstruction until the post-mortem 
examination. In every experiment the plug was found to be in the left 
bronchus. 

The oxygen analysis of the blood was carried out by Barcroft’s 
differential method. 

Results. (1) Closing the trachea. As asphyxia advanced down to a 
certain point the amount of oxygen in the arterial blood remained 
greater than in the venous, but in varying proportions, i.e. a “head of 
oxygen” was maintained. After a certain critical point was passed the 
oxygen saturation in the arteries Sell more rapidly than in the veins, 
and in the later stages of asphyxia the venous blood contained a higher 
percentage of oxygen than the arterial. The critical point has not been 
ascertained owing to the difficulty in estimating accurately the degree 
of asphyxia induced. It would appear to lie Bomewhorc about an arterial 
de-saturation of 80 per cent. 


Percentage arterial and venous 
unsaturations 


Degree of 
Number asphyxia 
of induced 

experiment in stage 2 

2 . + 

5 . + + 

3. + + 

I. + + + 

4. + 4* + 


Before indurtion 
of asphyxia 

Arterial Venous 
18-2 31-9 

5 0 50 0 

4-7 45*0 

5 0 35 0 

4-7 4G0 


After induction of 
asphyxia 

Arterial Venous 
29 5 52 2 

28 0 71*9 

53-0 81*8 

82*4 77*1 

81-0 CS 7 


(2) Collapse of one lung suddenly induced (4 Exps.) produces a 
marked fall in the oxygen content of the arterial and venous bloods, 
the fall being permanent.. 
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Anoxaemia and the administration of oxygen. By D. K. Adams 

and N. Morris. (Preliminary communication.) 

I. The head of oxygen in arterial blood in anoxaemia. 

In order to come to definite conclusions as to the value of the 
administration of oxygen in cases of anoxaemia, further information 
on several points is required. 

In the first place, it is essential to know how far the oxygen saturation 
of the arterial blood may fall and still allow of an adequate supply of 
oxygen to the tissues as indicated by the de-saturation of the venous 
blood. The distribution of oxygen in the arterial and venous blood in 
pneumonia has been studied by Stadie(i) who performed puncture of 
the radial artery in a series of cases of that disease. He found that 
the oxygen contents of the arterial was always about 10 per cent, to 
15 per cent, over that of the venous blood thus indicating that an 
adequate supply of oxygen to the tissues is maintained even in 
anoxaemia of a considerable degree. 

We have reinvestigated the question by decreasing the oxygen 
supply to the lungs and blood in various ways: (1) by closing the 
trachea, (2) by causing collapse of one lung by the production of a 
pneumothorax, (3) by occluding one bronchus. 

The oxygen content of the arterial and venous bloods was estimated 
in these various conditions. 

Methods. (1) Closing the trachea. Cats under ether anaesthesia 
were used; a tracheal tube inserted and the carotid artery and the 
jugular vein exposed. The jugular vein was selected as coming from 
an area in which the alterations in peripheral circulation are less modified 
than in other parts of the body. The blood was drawn off into all-glass 
5 c.c. syringes. A small quantity of liquid paraffin was employed to 
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The influence of cod-liver oil and butter fat on the retention of 
calcium and phosphorus. By S V Telfek (Preliminary com 
municahon ) 

Rothberg, Stemitz, Meyer, Freund, and Orgler record experi- 
ments tending to show that an increase oi milk fat m the diet decreases 
the retention of calcium, either by decreasing its absorption or by in 
creasing its elimination by the bowel 

Orgler quotes some results w bicb appear to indicate that the addition 
of cod liver oil increases calcium retention, and Freund records an 
observation showing that sesame oil acts in the same way 

The surprising differences in the effects of these fats seemed to desert e 
further consideration, and a series of observations were made on the 
retention of calcium and phosphorus m a normal child, for the purpose 
of comparing the effects of cod liver oil and butter fat 

The subject, B C aged 8 months, was put on u metabolism bed, and 
the ftcces and urine collected separately 

During the first period the diet consisted of 200 c c of ordinary cow’s 
milk, given five times daily for five days (21 6 gms fat daily) At tho 
end of this period G gms of fresh butter wero added to each 200 c c 
milk (43 2 gms fat daily) Finallv , during tho third period the diet was 
altered to skim milk, to each 200 c c of which G gms of cod liver oil 
were added (7 2 gms milk fat -a 21 G gms cod liver oil daily) 

A half drachm of cane sugar was given in all the feeds 
During the last fiv e days of the three periods the urine and feces were 
collected quantitatively duilv There was no loss of excreta and no 
vomiting occurred during tho course of the observations The intakes of 
calcium and phosphorus w ere the same throughout 

Tho initial weight oi tho child was 14 lb 10 oz At the close oi the 
last period it was 15 lb 1 oz 


Period I Cow's milk ( daily intake 21 b gms fat) 



Unnc 

F-eecs 

(fin'd) 

Uo 

Int&Ve 

V t O t 

c£o~ 

Output 

i'A 

Day 

c c 

gms 

pa*. 

gms 

gms 

gms. 

Sept 7th 

610 

10 4 

1 7 


1 3S 

I 71 

„ 8th 

600 

12 3 

1 7 

2 2 

151 

1 83 

, 0th 

6"0 

16 8 

1 7 

2 2 

1 "0 

1 "0 

, 10th 

6,0 

1C 2 

1 7 

2 2 

1-47 

2 17 

„ 11th 

& GO 

11-0 

1 7 

2 2 

- 

176 


Total* 


8 5 

11*0 

* 

045 


Fho days n tcntion'CisD 1 74 gms. ** ° I 5.» 
Did} average ** ^ />o» 
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(3) Occlusion of one bronchus (3 Exps.) produces a marked fall in 
the oxygen saturation of the arterial and venous bloods. 

To determine how far the blood of the jugular vein is representative ■ 
of the total venous blood returned to the heart, experiments were 
performed with the thorax opened and with artificial respiration, in 
which blood was drawn simultaneously from the jugular vein and right 
ventricle. 

The results show that the de-saturation is always less in the vein than 
in the ventricle. 

To determine the extent to which the condition of the peripheral 
circulation may modify the oxygen content of venous blood the effect 
of temperature of the part on the de-saturation of the venous blood 
was studied. One leg of a cat was kept in hot water, the other immersed 
in ice, and blood was drawn off simultaneously from the femoral veins. 

The venous blood in the warm leg contained about 20 per cent, 
more oxygen than did the venous blood from the cold leg. In one 
experiment in which the bloods were drawn off while the animal was in 
a state of partial asphyxia the difference was still present but not so 
marked. 


Conclusions. 

1. There is a gradual fall in the arterial oxygen saturation as 
anoxsemia increases. 

2. The fall in the venous -oxygen is not so strictly proportional to 
the fall in the arterial, as indicated by Stadie. 

3. The irregularity of the venous curve may depend upon a variety 
of causes of which one is the state of the circulation in the part from 
which the venous blood is taken. 

4. At a certain point (about ah arterial de-saturation of 80 per cent.) 
the oxygen content of the venous blood becomes greater than that in 
the arteries. 

The expenses of these series of experiments were defrayed by a grant 
from the Medical Research Council at whose instance the work was 
undertaken. 

REFERENCE. 

(1) Stadie. Journal o £ Experimental Medicine. 30, No. 3 
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to normal is rapid and practically complete under these circumstances, 
although only one lung is functioning. 


Artemi unsatu ration Venous unsaturation 


Number of 
experiment 


percentage 



percentage 


XT 

A 2 

A 3' 

vT 

V 2 

V 3' 

P.0. 1 

4-5 

— 

7-3 

29-5 

51-0 

77-5 

P.0.2 

7-0 

24-5 

8-8 

38-6 

73G 

36-8 


A 1 =s Arterial blood under normal con* 
ditions. 

A 2= Arterial blood after induction of 
pneumothorax. 

A 3 = Arterial blood, after induction of 
pneumothorax plus 6 minutes ad- 
ministration of oxygen. 


V 1 = Venous blood under norma! con- 

ditions. 

V 2 = Venous blood after induction of 

pneumothorax. 

V 3 — Venous blood after induction of 

pneumothorax plus 5 minutes ad- 
ministration of oxygen. 


(6) After the bronchus was plugged oxygen was administered and 
the oxygen content of the blood estimated. Administration of oxygen 
in these experiments rapidly raised the arterial saturation to a point 
in excess' of normal, the venous saturation returning also to a point 
above the first reading. 




Percentage arterinl 

Percentage venous 



Position of plug 

unsaturation 

unsaturation 

Duration of 

Number of 

with reference to 

f 

A 

N 

, 

A 

N 

O, adminis- 

experiment 

Rt. bronchus 

A 1 

A 2 

A3 

VI 

V 2 

V 3 

tration 

B.0.1 

R. bronchus slightly 

8-8 

50-9 

36-9 

20-3 

82-4 

61-4 

5 mins 


blocked 








Mi 

JJ, bronchus partis 


7 22 

US 

24-7 

7S-7 

3i‘S> 

JOxeijJA 


excluded 








B.p.3 

R. bronchus clear 

4-8 

280 

2-8 

450 

750 

250 

10 mins. 


Note. In all these experiments L. bronchus completely blocked. 

In experiments I and 2 R. bronchus partially overlapped also. 
A 1, V 1, etc., as in previous table. 


Conclusions. 

The fall in tho arterial and venous oxygen content produced by 
unilateral pneumothorax or occlusion of one bronchus is rapidly re- 
moved by administration of oxygen. 


Anoxscmla and the administration of oxygen. By D. K. Adams 
and N. Morris. (Preliminary communication.) 

III. Effect of administration of oxygen previous to the 
induction of unilateral pneumothorax. 

Methods, As in last communication 
When oxygen was administered, .t 
was no fall in , the arterial oxygen 
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Period II. Colds milk ( daily intake 43-2 gms.fat). 


Intake Output 

‘ '■ . ^ 



Urine 

Faces 

CaO 

PA 

duT" 

* PA 

Day 
Sept. 20th 

c.c. 

530 

gms. 

13-7 

gms. 

1-7 

gms. 

2-2 

gms. 

1-28 

gms. 

1-70 

„ 21st 

460 

138 

1-7 

.2-2 

1-09 

1-75 

„ 22nd 

390 

15-6 

1-7 

2-2 

1-31 

2-3 

„ 23rd 

460 

19-5 

1-7 

2-2 

1-53 

1-90 

„ 24th 

520 

12-6 

1-7 

2-2 

1-33 

1-92 


Totals 


8-5 

11-0 

6-54 

9-57 


Five days retention CaO 1-96 gms. P 2 0, 1-43 gme. 
Daily average retention CaO 0-39 gra. P 2 0 5 0-28 gm. 


Period III. Skim milk ( daily intake 7*2 gms. milk fat + 21-6 gms. 

cod liver oil). 

Intake Output 



Urine 

Faces 

CaO 

PA 

CaO 

PA 

„ Day 

c.c. 

gms. 

gms. 

gms. 

gms. 

gms. 

Sept. 28th 

430 

15-1 

1-7 

2-2 

1-44 

1-96 

„ 29th 

510 

13-8 

1-7 

2-2 

1-23 

1-79 

„ 30th 

640 

15-7 

1-7 

2-2 

1-49 

2-29 

Oct. l8t 

450 

13-6 

1-7 

2-2 

1-20 

1-86 


Totals 


6-8 

8-8 

5-36 

7-90 


Four days retention CaO 1-44 gm. P 2 0 6 0-90 gm. 
Average daily retention CaO 0-36 gm. P 2 0 5 0-22 gm. 


Orgler’s claim that butter fat and cod liver oil in the diet specifi- 
cally affect calcium retention receives no support from these results. 
Practically no differences in calcium retention were found to occur from 
the variations made in the nature of the fat. 


Anoxaemia and the administration of oxygen. By D. 3L Adams 

and N. Moreis. ( Preliminary communication.) 

II. Effect of administration of oxygen upon the anoxaemia produced by 
(a) pneumothorax, and (b) occlusion of one bronchus. 

Methods. As in last communication. 

(a) Unilateral pneumothorax was induced and subsequently oxygen 
was administered for a period of 5 minutes by allowing it to pass down 
the tracheal tube under very low pressure. 

The arterial and venous anoxsemi a induced by, collapse of one lung 
from unilateral pneumothorax is removed by the administration of a 
small quantity of oxygen. The return of the arterial oxygen saturation 
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The production of an electromotive force by the movement 
of salt solution past silver electrodes. By W. B. L. Brown 1 
and A. V. Hill. 

The following observations were made during an attempt to detect 
a difference between the chlorine-ion concentrations of the plasma of 
reduced and oxidised blood. 

Silver electrodes were constructed as shown in Fig. 1. C is a plate 
of silver, hammered from a globule made by fusing the end of a silver 



wire. This wire is joined to a copper wire at D by fusing in a blow-pipe 
flame, and the junction is embedded in paraffin wax in the tube A. This 
tube is scaled into the tube B with paraffin wax, and the whole is painted 
with black varnish between the lines a, in order to protect tho silver 
plate from light. The electrodes were coated with silver chloride by 
making them the anode in a solution of sodium chloride, using a platinum 
cathode. The two electrodes were treated in the sai 


* Wnrkinc on behalf of tho Medical Research 
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induction of the pneumothorax. Ten minutes later, oxygen still being 
continuously administered the oxygen saturation had reached a higher 
figure than in normal blood. 


Arterial unsaturation Venous unsaturation 


percentage percentage 

No. of , * > * 


experiment 

f 

A 1 

A 2 

A 3 ' 

VI 

V 2 

V 

V 3 

1 

26-0 

9-9 

2-0 

52-0 

58-0 

430 

2 

5*0 

5-0 

— 

29-0 

— 



3 

11-0 

15-0 

11-0 

59-0 

46-0 

55-0 

4 

11-0 

40 

3-5 

21-5 

22-0 



5 

8-5 

6-5 

6-5 

22-5 

25-5 

56-5 


A 1 and V 1 = Blood under normal conditions. 

A 2 and V 2 = Blood immediately after induction of pneumothorax. 

A 3 and V 3 = Blood 10 minutes later. 

Two experiments were performed where the thorax was opened and 
artificial respiration carried on as well as the administration of oxygen. 
The right bronchus was then ligatured. We found that even with the 
administration of oxygen there was a gradual fall in the arterial satura- 
tion. In addition there was noticed a progressive failing of the cardiac 
musculature. 


No. of 
experiment 

Arterial unsaturation 
percentage 

A 

A 1 

A2 

A3 

1 

6-0 

110 

530 

2 

8-0 

10-4 

40-0 


A 1 = Normal. 

A 2 immediately after ligature of bronchus. 
A 3 = 10 mins, later. 


Conclusions. 

Administration of oxygen previous ‘to 'the induction of unilateral 
pneumothorax prevents a fall in the arterial saturation. 

The progressive cardiac failure obtained after ligature of a bronchus 
may be a reflex phenomenon. This failing with the fall in arterial satura- 
tion is very suggestive of the condition of cyanosis found clinically in 
cases of heart-failure. 

We desire to offer our best thanks to Prof. D. Noel Paton, F.R.S., 
LL.D., for helpful suggestions and criticism during the progress of the 
research. 



SOCIETY, JANUARY 22, 1921. cxi 

in (so to speak) washing away the chlorine ions o{ the electric double 
layer there, and so leaving the silver positively charged. Its existence 
indicates the necessity of avoiding movement of the fluid when using 
electrodes to determine ionic concentrations, and it may possibly be of 
interest in connection with manifestations of electricity in the body. 

Since the above paper was read, the experiments have been repeated 
with uncoated electrodes of very pure silver (at least 999-9) given us by 
Mr C. T. Heycock, F.R.S. Similar results have been obtained, and the 
phenomenon is not due therefore to the use of impure silver. 


The regulation of the supply of energy in muscular contraction. 

By \V. Hartree and A. V. Hill. 

Experiments have been made at various temperatures on the relation 
between the duration of the stimulus and the total energy evolved in 
a maximal tetanic contraction, with the intention of determining the 
type of mechanism regulating the supply of energy in the stimulated 
muscle undergoing prolonged activity. The sartorius muscles of a frog 
were placed on the gold-nickel thermopile previously described and 
stimulated either by a single induction shock (representing zeroduration 
of stimulus) or by the prolonged application, for any required duration, 
of an alternating current of 90 periods giving 180 stimuli per second 
The heat was determined in absolute units and the amount of heat 
plotted against the duration of stimulus on a curve. 

A’arious interesting relations were found. The production of heat was 
very rapid at first, a large amount being liberated by the single shock, 
and the rate of heat-production rapidly decreased and settled down 
within a fraction of a second to a steady rate depending on the tempera- 
ture. The heat liberated by a single shock is considerably grca'ter at a 
hirer temperature, while the rate of heat production during the steady 
state finally attained is far greater at the higher temperature. All the 
curves cross at about 0-02 second duration of stimulus, so that for 
a stimulus of 0-02 second, change of temperature has little or no effect 
on the total heat production. The effect of temperature on the rate of 
heat production in the final steady state is exactly analogous to its effect 
on a chemical reaction, being of the exponential type and of the same 
order of magnitude, viz. increasing the rate 2-8 t- - .'K‘;i?e of 10° C. S 

The whole behaviour of the muscle lib y T ous to 
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were being made, and they were coated in series, so that their surfaces 
may be assumed to be similar.- 

The electrodes were set up as shown in Fig. 2: reduced blood was 
put in F , and oxidised blood in G. By releasing clips on the rubber pipes 
II and II', it was possible to allow the two kinds of blood to run past 
the electrodes and out at the T-piece L. On closing the clips on II and 
H' and releasing those at I and reduced blood was allowed to run 
past the electrode previously exposed to oxidised blood, and vice versa. 
Thus it was possible to eliminate effects due to differences between the 
two electrodes. 

It was noticed that there was always a large change in the e.m.f. 
when a reading was taken immediately after blood had been run past 
either electrode, and in order to investigate tills effect, the blood in botli 
vessels was replaced by 0-9 p.c, NaCl solution, the whole apparatus being 
carefully washed out with the solution to avoid possible effects due to 
differences of concentration. To avoid differences of temperature, the 
salt solution in F was alone used for both electrodes. 

It was found that while the solution was running past either electrode, 
an e.m.f. was produced, which gradually rose to a maximum of 4 to 
5 millivolts. It was measured with a potentiometer, using a very 
sensitive galvanometer. The electrode past which the stream was running 
always became positive. 

It was thought possible that the effect might be due to incomplete 
saturation of the moving fluid with silver chloride, so the salt solution 
was replaced by a similar solution, which had just been made cloudy 
with silver nitrate, thus being completely saturated with silver chloride. 
Similar results were obtained, the e.m.f. being rather higher than in 
the previous experiment, the highest reading being 8 millivolts. 

It was then thought possible that the effect might be due to the 
velocity of the stream adding on algebraically to ,the mobility of the 
ions, in which case by reversing the velocity of the stream the effect 
would be reversed. To test this the connections of the apparatus were 
reversed, so that the T-piece was at the top of the electrodes, the exit 
tube being connected to the vessel F. The stream of salt solution now 
ran from the T-piece to the electrode. This arrangement gave about the 
same e.m.f. as the previous experiment had given, and the electrode 
past which the stream was running was still positively charged. Hence 
this explanation also fails. 

The phenomenon seems therefore to occur at the electrode itself, 
and we can only suggest that it is due to a mechanical effect of the stream 
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In order to overcome the difficulty of cutting 
freezing microtome nervous tissues treated J- ’ mcans of «i° 

«» MU’* i.w— « «d , “.S “ °>f* »—»■ 

“! «!«. have pi „ "™ „ “'•»»* 

end imbedding them in celloidin, this with the oZ of ' alc °hol 

preparations more permanent by rlZl^ 1 '* * ak ° ° f MDdo ™S 
sublimate not utilised by the reaction, and whfah tST* ^ COrrosive 
tissues. As a matter of fact sections of pieces thus II tbe 

easily cut and transferred from one to another fluid ,v W /" ^ 
injuring them. Moreover, they can be counterstained and the ’ ^ ° f 

tion keeps well, particularly if sections are mounted rt£ n ?f" S " a ' 
glass. But in such preparations, sometimes quicklv sometim 1 °°',“ 
opaque granules and minute needle-like crystals become a Z t , >% 

developed which are very undesirable arid end by rendering 
more or less unserviceable. 0 preparations 

To avoid this I find that sections can be successfully treated .% 
m the same way as by the so-called process of tonin- and /irintnf 
schowsky preparations and the like, as already communicated fat 
onucr note . Iproceed thus: pieces, which by a trial section have been 
mid well impregnated, are washed for some hours fa distilled waf 
and then brought, through many changes of alcohol of ascendino E ( ren „ t B r 
into absolute alcohol and then imbedded fa celloidin fa the u«iml w, ' 
te celloidin blocks are hardened in 70p.c. alcohol where they can've 
“Mv left far many days or weeks. Sections of the desired thickness ar° 
collected fa 60 p.c. alcohol, transferred into distilled water and here 
Highly washed. They are then treated for 5-10 minutes with 5 p c 


— aikuuui, t 

thoroughly washed. They are U- a p . c . 

mmoiua an d washed over again in two or three changes of distilled 
^ point toning is carried out bv mean.? of the usual slight Jr 
aci ified 0-2 p.c. gold chloride solution in which sections are left for 
0-15-20 minutes according to thickness. After quiet washing in 
-tilled water they are passed for 3-5 minutes into 5 p.c. sodium hvpo- 
' Q phite and washed once more in distilled water. From this they are 
W successively into 30. 50, 70 p.c. alcohols to each of which one 

'JJk “peases of the investigation vrre in far (fciarrf ty * toveces Cna! f~~ 

"JriSotiety. . 

| ®*nders (in b. Let Taieih^- ,fI * 

, A not. Bar. 4. p. 263. 1910. 

Free. PhyKj.Sx.fa.V-- , ‘.'r 
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that of a mechanical system in which an elastic hag is blown up through 
a narrow pipe with compressed air supplied from a reservoir. If the bag 
be kept closed the reservoir blows up the bag until an equilibrium is 
attained. On opening a valve in the bag the air stored in it rushes out 
in large amount at first and then at a rapidly decreasing rate, until a 
steady state is reached depending on the size of the pipe connecting the 
bag to the reservoir. We may suppose that the same type of mechanism 
exists in the muscle. The muscle has a store of lactic acid (exhibiting 
certain “elastic” properties as described below) kept up to its normal 
concentration by means of some chemical reaction corresponding to the 
supply pipe of the bag. On applying a single shock the permeability of 
the walls of the space in which the lactic acid is stored, rise, exhibiting 
the electric change, and during this rise of permeability the lactic acid 
is able to pass out and initiate the contraction, with the liberation of 
heat. As soon as some pf the lactic acid has disappeared the chemical 
reaction supplying it gets to work, an'd if the stimulus be continued a 
steady state is rapidly attained in which the energy is being supplied at 
a rate determined only by the velocity of the chemical reaction providing 
the lactic acid. 

The supply being maintained by a chemical reaction, it is natural that 
its velocity should have a temperature coefficient of the type described. 
According to this scheme the smaller production of heat resulting from 
a. single shock at a higher temperature, is due to the fact that at a higher 
temperature the rise of permeability manifested by the electric change 
lasts for a shorter time and therefore less energy is able to escape. It is 
necessary to suppose that the system has some kind of elastic properties, 
otherwise it is not easy to see why the first shock is able to liberate so 
much more energy than the succeeding ones. We must assume therefore 
that the muscle contains some explosive or elastic system capable of 
being suddenly released. Such an elastic system is constituted chemically 
by a balanced reaction, where the products of the reaction are built up 
gradually, e.g. under the action of a ferment, until their concentration 
(analogous to the elastic back-pressure in the mechanical model) stops 
the action from progressing further. The sudden rise of permeability 
allows these products to disappear suddenly and the chemical reaction 
to begin moving forwards again. Thermodynamics is incapable of filling 
in the details of the picture, but it does seem capable in this way of 
giving a clue as to the general type of mechanism that the picture has 
to delineate. 
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after cutting, and the staining was repeated a second and a third time 
after having each time completely differentiated the sections with 9G p.c. 
alcohol. This repetition of staining and differentiating, particularly when 
carried out with relatively old solutions of toluidine blue, has, in my 
opinion, a double advantage. In the first instance it greatly helps in 
imparting to the cytoplasm of nerve-cells, neuroglia-cells and other 
elements of the preparations a more or less intense purplo colour, on 
which differently stained parts such as nuclei, granules and the like stand 
out sharply and definitely. In the second place the repeated staining 
appears to render the specimens more resistant to the injurious influence 
of time. Indeed, some of those I now demonstrate were prepared over 
two years ago and their colour seems to me to have faded very little. 

As to the peculiar forms shown in my preparations, in consideration 
of the fact that a description of them has already been given elsewhere, 
it seems sufficient to point out here that they consist of very small 
granules generally situated in the deep as well as in the superficial parts 
of the bodies of nerve-cells, but sometimes found also outside them in 
their immediate vicinity. The granules are easily distinguished because 
of their blue stain contrasting with the purple of the fundamental 
cytoplasmic framework and because of minute light areas which surround 
nearly all of them. These areas look, under moderate magnification, like 
halos, but under high power they appear as very delicate, though 
sufficiently well-defined, bodies whitish or slightly bluish in colour and 
irregularly round or oval in form. As a rule there is one granule in each 
body, but in some of them two granules, arranged like diplococci, can 
be seen. Most of the bodies are discrete and only a few appear united 
in dumb-bell shaped forms. For these peculiar appearances the term 
“minute bodies” has been pro tempore proposed comprising in the term 
also the granules which seem to occupy their centre. 

The “bodies” are always found in more or less altered cells, but 
their occurrence in a pure form is rather rare, and certainly confined to 
specimens from acute cases of the disease. In most instances they are 
seen together with a variable quantity of granular pigment-like material 
which is stained in various shades of green by toluidine and polychrome 
methylene blue. I am still investigating the relation which may possibly 
exist between the “bodies” and this pigment-like material, the occur- 
rence of which in places where brown or black pigment is not generally 
found has already been pointed out since my firs t, com immient ion on 
the subject published in collaboration with H. Inyl 
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drop of saturated iodine tincture to every 5 c.c. of alcohol has been 
added. Section? remain in each alcohol 10-15 minutes and are lastly 
transferred into pure 70 p.c. alcohol. 

At this point the process is ended and one can proceed to mount 
sections in the usual way or re-transfer them into distilled water, 
counterstain them slight^ with a carmine solution, dehydrate them with 
alcohol of ascending strength up to 95 p.c., pass them through two changes 
of carbol-xylol and mount them under a thin cover-glass in xylol- 
colophonium or balsam. If desirable and safe, the celloidin can be 
removed before definite mounting by passing sections through absolute 
alcohol, and alcohol-ether if necessary. 

The process is simpler than the platinum substitutions of Robertson 
and MacDonald 1 , and is so easily carried through that many sections 
can be manipulated at the same time. It should therefore become useful 
for preparing beforehand sections for class purposes. It must, however, 
be pointed out that the process does not give satisfactory results by 
Golgi’s chromate of silver method. I cannot at present state if it could 
be used for rendering permanent sections of material treated by Golgi’s 
bichromate and sublimate method, and I am still investigating if the 
toning-and- fixing process proposed by Golgi 2 for such sections could, 
with some slight modification, be usefully employed for Golgi-Cox 
specimens. 


Preparations from cases of epidemic (lethargic) encephalitis 3 . 

By C. Da Fano. 

In a preliminary note on the histopathology of epidemic (lethargic) 
encephalitis 4 a brief description was given by me of certain minute bodies 
seen within and without nerve-cells of various regions of the central 
nervous system in different cases of the disease. 

The histological methods used were simple. All preparations of 
nervous tissue were made from material fixed in 95 p.c. alcohol and 
imbedded in celloidin. Sections were stained either with 1 p.c. toluidine 
blue or with polychrome methylene blue according to the classical rules 
of Nissl’s method, and then mounted in benzol-colophonium. The 
sections were, however, carefully freed from all celloidin immediately 

1 Robertson and MacDonald. Journ. Merit. Sc. 47. p. 327. 1901* 

2 Golgi. Opera Omnia, 2. p. 607. 1903. 

3 Towards the expenses of this research a grant was made by the British Medical 
Association. 

4 Da Dario. Bt... Med. Journ. i. 1921. 
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The meaning of records made with the hot wire sphygmograph. 

By A V Hill 

Investigations have been continued with the hot wire sphygmograph 
and a more satisfactory instrument has been designed emploj mg 1 1 /t 
platinum wire made by Messrs Johnson and Matthev The advantage of 
platinum wire is that it does not bum out as did the copper wire pro 
viously used, and it appears also to be more rapid in its action Ample 
sensitivity is obtained until the wire just below red heat, emploving the 
galvanometer string as tight as it can safely be made Since my previous 
communication the galvanometer has been made more sensitive and its 
movements are now dead beat The type of record obtained with the 



li I llhuh turn* li/l ture reiont, of tno similar instruments in senes Wiuti uni 
mechanical record miulo with tambour Carotid artcrj Curves read from right to 
left Time in ]/25 seconds 

latest instrument is shown in Fig 1 , it will be seen that the two main 
features aro (l) the first large wave corresponding to the rush of blood 
into the aorta on tlio opening of the valves, and fn) tho second smaller 
wave due to tho sudden fall of pressuro at and after the end of sjstolc, 
culminating exactly at the moment tho valves close The beginning of the 
first curve therefore represents tho opening of the valves and the sharp 
peak on the second curve represents their closure This is well shown 
hj the simultaneous optical record show n m vv lute on Fig ’ ’ -“Mis 

taken on the same plate by means of a small m bn 
the tube containing the hot ware A mirror r 1 
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It may be of interest to add that “bodies” similar in shape, structure 
and staining properties have been found by me also within and without 
the cells infiltrating a salivary gland from an acute case of the disease. 

No definite opinion has been at present expressed about the possible 
significance of such findings, and only the suggestion has tentatively 
been put forward that they may be related to the presence in the tissues 
of a living agent, the cause of the disease. 


The solution of casein by sodium carbonate — an example of 

reversible coagulation. By J. Mellanby. 

The bicarbonate hypothesis for the -transport of C0 2 in blood assumes 
that proteins can act as acids capable of decomposing sodium carbonate. 
To test the general validity of this assumption the conditions under 
which two proteins (casein and acidic caseinogen) dissolve in the presence 
of carbonates were determined. Casein was prepared by adding a 
minimal quantity of neutral gastric rennin to separated milk. The pre- 
cipitate was washed with water until an approximately pure suspension 
of casein was obtained. The casein was not dissolved on adding solid 
calcium carbonate to the suspension, but solution was readily produced 
by -2 p.c. Na 2 C0 3 . During the solution of casein in -2 p.c. Na 2 C0 3 , air, 
free from C0 2 , was pulled through the liquid and passed into baryta 
water. There was no evidence of the evolution of C0 2 during the solution 
of the casein in the sodium carbonate. It is evident, therefore, that the 
solution of casein in sodium carbonate cannot be represented by the 
equation: 

Casein + Na 2 C0 3 ->Na caseinate + C0 2 . 

The solution of casein in sodium carbonate affords an interesting 
example of reversible coagulation. A typical coagulum comparable to 
that produced in milk by rennin can be made by adding a trace of 
calcium chloride to the casein solution. This phenomenon can be ex- 
plained on the assumption that during the coagulation of milk by rennin 
the emulsoid colloid (caseinogen) is changed into the suspensoid colloid 
(paracasein) and this suspensoid colloid is precipitated from solution 
by the divalent calcium ions in milk. The precipitation of paracasein 
by calcium involves an adsorptive union of the protein and calcium salt. 
The resolution of casein in sodium carbonate is effected by the removal 
of the calcium ions from the paracasein particles, and recoagulation is 
obtained by adding an excess of calcium salt to the re-dissolved para- 


casein. 
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from the carotid artery. The two electric records in Fig. I were made 
ill this way and it is seen that the two instruments are giving exactly 
similar curves; it is justifiable therefore to assume that the time interval 
as measured in Fig. 2 really represents the interval required for the 
transmission of the pulse wave. 


The effect of i-inositol on the isolated heart of the frog. I5y 
J. A. Hewitt and D. de Souza. 

Perfusion of the frog’s heart was carried out by Symes’s method, 
an improved cannula devised by Dr Locke being used instead pf the 
ordinary one. The heart was perfused at a pressure of 3-4 cm. of water. 
The concentration of inositol employed varied from 1/11,500 to 1/750 in 
Ringer’s solution. (NaCl 0-6 p.e., KC1 0-026 p.c., CaCU . filLO 0-032 p.od 
' The usual result obtained is shown in the typical tracing reproduced- 







The heart rapidly responds to the inositol by increasing the force 
of its beat, and just as rapidly returns to its original condition when th e 
inositol is replaced by Ringer’s solution alone. This result is obtained 
with fresh hearts and with hearts that have been previously perfused 
with Ringer’s solution for any period up to six hours. 

In six out of 25 experiments inositol had no apparent effect on the 
heart, and in two its perfusion led to a diminution in the force of the beat- 
For this exceptional result we have at present no explanation to offer- 
The rate of the heart is, as a rule, not affected by inositol. 

The stimulating effect is clearly on the muscle. It occurs in tb e 
ntropinised heart. Moreover, a concentration of 6 p.c., such as was 
employed by Sachs(i), is strongly toxic and causes ranid contracturo of 
the ventricle and the systolic stand-still ol 
(1) Sachs. Arch.T. d. yts. Phy*i< 
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tambour reflected a spot of light on to the plate and the movements of 
this spot of light represent the changes of volume of the artery. It is 
seen that the hot wire record rises at the moment when the artery begins 
to swell, and that the second peak of the hot wire record occurs exactly 
at the same moment as the dicrotic notch. The hot wire sphygmograph 
gives no direct evidence as to the absolute value of the pressure or of the 
movements of' the artery, and its usefulness depends upon the quickness 
with which it is capable of acting. It may be regarded as a means of 
recording the moment at which the various waves produced in the arterial 
system occur at any required point. For example it will measure with 
accuracy the time during which the valves of the heart are open. More- 
over by employing a double fibre case in the string galvanometer and 
two hot wire instruments it is possible to record simultaneously the pulse 
at two different parts of the body and therefore to find the velocity of 
the pulse wave under various conditions. Fig. 2 shows simultaneous 



Fig. 2. Upper curve hot wire record of right carotid artery. Lower curve hot wire record 
of right radial artery. The interval between the two records is about 0-067 second. 
Tins corresponds, in the subject employed, to 50 cm travel of the pulse, viz. 61 cm. 
from the stemo-clavicular joint to the radial artery, less 11 cm. from the sterno- 
clavicular joint to the carotid artery; the pulse therefore goes 7-5 metres per second. 
Curves read from left to right. Time in 1/25 seconds. 

observations of the right carotid artery and the right radial artery on 

the same plate, and the interval between these two records gives the 

velocity of the pulse wave which in this case works out to 7-5 metres 

per sec. In order to be sure that the two hot wire instruments are exactly 

similar and record the same thing at identically the same moment they 

may be put in series witli one another on the same pipe, leading say 
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Pure acidic caseingoen slowly reddens blue litmus paper and readily 
dissolves when calcium carbonate or sodium carbonate is added to a 
suspension of it in water. During solution C0 2 is evolved. Approxi- 
mately 2200 grams of acidic caseinogen liberate a gram molecular weight 
of CO, when dissolved in calcium carbonate. This value agrees with 
those obtained by other observers for the value of the combining equiva- 
lent of acidic caseinogen from a consideration of the constitution of 
calcium caseinogenates (Lacqueur and Sackur 1135; Robertson 
1250; Boswotth and Van Slyke 1111). 

Acidic caseinogen was dissolved in water containing calcium carbon- 
ate in suspension. The resulting solution was centrifuged for 30 miris.'to 
free it from undissolved calcium carbonate. The solution evolved no 
C0 2 when submitted to the action of sulphuric acid in a vacuum, but 
after being exposed to alveolar air for 30 mins, it contained 18 p.c. CO,. 

The experimental results indicate (1) that proteins can function as 
acids capable of decomposing carbonates, and (2) that these salts of 
protein can carry C0 2 . 


The chlorine Ion concentration of plasma of oxidised and re- 
duced blood. By'W. E. L. Brown 1 and A. V. Hill. 

E. 3. Henderson has shown that the chlorine concentration td 
plasma of reduced blood is slightly less than that of the same blood 
after shaking with oxygen. If this be the case, we should expect that 
the chlorine ion concentration would be less also, as it is unlikely that 
the chlorine coming from the inside of the corpuscle would appear 
outside in a combined form. We have attempted therefore to determine 
the difference in cklorino ion concentration by a direct electrometric 
method. A quantity of blood was reduced by boiling in a vacuum, 
saturated with AgCl, and half of it shaken with oxygen. The two halves 
were placed separately in two oylinders connected by rubber pipes 
provided with clips, to two electrode tubes joined together by a T-piece. 
The electrodes were of silver chloride formed electrically on the surface 
of small silver plates. In order to prevent any action of light on the 
chloride the tubes in which tho electrodes were mounted wero painted 
with a thick coat of black varnish. Reduced blood was run past one 
electrode and oxidised blood past the other electrode, the two different 
forms of blood meeting in the T-piece. 

1 Working on behalf of the Medical Research Council. 
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The decomposition of carbonates by acidic caseinogen. By 

J. Mellanby. 

Caseinogen, the main protein of milk, is readily soluble in water 
forming a milk-white solution. Acidic caseinogen may be precipitated 
from a solution of' it by the addition of acid. Acidic caseinogen is 
insoluble in water, bufcdissolves when added to water in which carbonates . 
are suspended or dissolved. During the process of solution C0 2 is 
evolved. 

I have previously shown that caseinogen consists of a complex of 
protein and calcium phosphate, -approximately 3600 grams of protein 
being associated with a gram molecule of calcium phosphate. On adding 
acid to a solution of caseinogen it may be observed (1) that the amount 
of acid required to precipitate the protein is approximately equal to 
the amount of calcium phosphate’ in the protein complex, (2) precipita- 
tion is suddenly produced when acid is added in increasing quantities 
to a solution of caseinogen, and (3) the filtrate obtained after the pre- 
cipitation of acidic caseinogen contains only a trace of acid. These facts 
indicate that the precipitation of acidic caseinogen depends upon the 
adsorption of the added acid by the caseinogen, and that the solution 
of acidic caseinogen by carbonates is due to the neutralisation of the 
adsorbed acid. In fact, that the evolution of C0 2 on dissolving acidic 
caseinogen by carbonates is not due to the protein but to the acid 
adsorbed by the protein. 

To test this hypothesis acidic caseinogen was made by precipitation 
with phosphoric acid and the amount of phosphorus contained in the 
precipitate was determined after washing for varying periods of time. 
After one washing the precipitated protein contained a quantity of 
phosphorus equal to that in the added acid; after ten washings the 
quantity of phosphorus fell to that contained in acidic caseinogen pre- 
pared by means of acetic acid. It appears, therefore, that on the pre- 
cipitation of acidic caseinogen, the added acid first associates with the 
protein, but that the complex is unstable and by continuous washing 
the acid may be removed from the precipitate. Acidic caseinogen was 
also precipitated from milk by hydrochloric acid and the precipitate was 
washed until the filtrates were free from chloride. The protein suspension 
was dried and ashed, a little K.OH having been previously added tp 
form a non-volatile neutral salt with any HC1 which might have been 
associated with the protein. The ash contained no chloride. It is evident, 
therefore, that acidic caseinogen if adequately washed contains no trace 
of precipitating acid in its complex. 
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provoked in fluttering or fibrillating auricles by stimulating the vagus. 
It may also be produced in an auricle responding to rhythmic shocks 
under vagal stimulation, if a single additional shock enters the muscle. 
If this single shock enters at a critical period of the cycle, namely, from 
0*025 of a second (the end of the r.p.) up to about 0*07 of a second after 
the last rhythmic shock, the reaction is invariable; it is not produced 
if the single shock falls outside these time limits. 

Likewise rapid reexcitation is provoked if, under vagal stimulation, 
two break shocks enter the muscle, providing that these two shocks 
have a time interval of from about 0*025 to 0*07 of a second between 
them. 

Although tfie reason why this period is critical is being submitted 
to further investigation, we believe that it is critical because the muscle 
is in a partially refractory state, and that reentry of the first excitation 
wave depends upon this state of partial refractoriness. 


The regulation of the water content of the human organism. 

By E. F. Adolph. 

The addition of water to the body was attempted in several ways. 
Ingesting water by mouth led to the complete excretion of the whole 
quantity through the kidneys. Thus when 2750 c.c. was drunk in 
5 hours, 2900 c.c. had been excreted by the end of 7 hours. If the water 
was taken faster than the kidneys could excrete it, what was absorbed into 
the body was kept only until the kidneys were able to handle it. The 
ingestion of isotonic salt solution gave a very mild diuresis of 100 c.c. 
an hour, which lasted two days when two litres of solution were drunk; 
the augmented body weight gradually diminishing to its normal Icvol. 
Hypertonic solutions of urea, NaCl, or other salts led to a rapid diuresis 
which effected an almost immediate elimination of the water, and in 
addition induced the loss of water from the tissues. When salt was taken, 
followed in two hours by a large amount of water, the diuresis initiated 
by the salt did not stop, but was augmented so as to quicken the elimina- 
tion of salt. When water was drunk, followed by salt, the water. diuresis 
was inhibited very sharply, and the retained fluid behaved like isotonic 
salt solution. In general isotonic salt solutions are retained longer than 
solutions containing other proportions of water and salt. 

The reduction of the body’s water content was effected in several 
experiments by stopping the water intake, by exercising, by sweating, 
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The electrodes were then connected to a potentiometer, and a very 
sensitive galvanometer used to determine the balance. It was found 
necessary to wait for a minute or two after running the solution past 
either electrode for reasons explained in another communication. After 
an experiment had been made with oxidised blood on one electrode and 
reduced blood on the other electrode the system was changed over, 
reduced blood being placed on the first electrode and oxidised blood on 
the second. Half the difference between the two e.m.f.’s observed was 
taken as the true e.m.f. caused by the supposed difference of Cl-ion 
concentration. Reading to the nearest 0-02 millivolt, and calibrating 
the apparatus with known concentrations of NaCl before and after the 
observations, it appeared that the concentration difference was very 
small, too small to be certainly determined by the means available. 
The difference observed by Henderson was also very small, and 
apparently below the limit of possible observation by an electrometric 
method. 


Rapid reexcitation in the mammalian auricle. By A. N. Drury 

and T. Lewis 1 . (. Preliminary notice.) 

In testing the refractory period of the mammalian auricle under vagal 
stimulation, it has been found that the auricle is easily thrown into a state 
which we term “rapid reexcitation:” It is a state in which the excitation 
waves succeed each other at rates of from 1500 to 3000 per minute, and 
which persists so long as the heart remains under inhibition and despite 
the withdrawal of the shocks which have provoked it. The rapid excita- 
tion waves are not local, but spread as single waves over the whole exposed 
surface of the auricle. It may be said, therefore, that the auricle as a whole 
is beating (and almost co-ordinately) at rates of 1500 to 3000 per minute. 
The ability of the muscle to respond at these rates is consequent upon the 
great reduction of the refractory period, induced by vagal stimulation; 
for under vagal stimulation the r.p. falls to 0'02 or 0 - 03 of a -second. 
These values agree remarkably with the rates prevailing in the state of 
rapid reexcitation, in which the lengths of the cycles lie between 0-02 
and 0-04 of a second. 

Rapid reexcitation is regarded as being a circus movement, com- 
parable to that prevailing in flutter, though on a diminutive scale. 

As has been shown by many observers, it is a condition frequently 

1 Working on behalf of the Medical Research Council. 
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On the substance responsible for capillary tonus. By A. Krogh 

and G. A. Harp, op. ( Preliminary communication.) 

In the web of the frog (B. lemporaria) the capillaries are normally 
open, but so far contracted that the corpuscles can pass through only 
one by one and in most places with some deformation. When the femoral 
artery is clipped for 20 minutes and then opened again the capillaries 
are very strongly dilated, but usually they will regain their normal 
tone in 10-15 minutes. Some substance in the blood must be responsible 
for this action, and' to find it we have begun a series of perfusion ex- 
periments through the femoral artery of frogs. 

We find, as was to be expected, that in frogs. Ringer cannot maintain 
the tonus of capillaries and that tho addition of gum or washed mam- 
malian corpuscles does not make any difference. By perfusion with 
•defibrinated and slightly diluted ox blood, however, the tonuB can be 
maintained or recovered after dilatation. Ox serum has the same 
property, and when 200 c.c. of Ringer solution are dialysed against 
1 1. ox blood for 12 hours tho dialysate contains the active principle 
which docs not become inactivated by a brief heating to the boiling 
point. 

Experiments to isolate and determine this hitherto unknown sub- 
stance are in progress. 


Some observations on stasis and oedema. By A. Krogh and 

G. A. Harrop. ( Preliminary communication.) 

When a rapid and considerable dilatation of capillaries in tho frog’s 
tongue is brought about by any suitable kind of stimulation, directly 
or indirectly through nerves, it very often happens that tho dilated 
capillaries in a few minutes or less become completely packed with red 
corpuscles, while the plasma apparently disappears and the blood flow 
stops. The same degree of dilatation does not generally lead to stasis, 
when brought about slowly and cautiously. The capillary pressure has 
very little influence upon the result, since tho stasis develops quite as 
easily after urethane, which leaves tho arterioles contracted, ns after 
mechanical stimulation acting through the dilator nerve fibres, which 
will dilate the arterioles along with the capillaries nnd-produco a rapid 
flow and high pressure. 

The explanation of the stasis winch 
dilatation gives rise to small openings t 
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by iiot bathing, by inducing diarrhoea, and by inducing diuresis. The 
first method is most preferable because the water content was depleted 
in that case without lowering the reserves of salts and nutrients, which 
were kept up by eating concentrated foods. In each experiment the 
body weight fell gradually, and was completely restored by drinking 
enough water (3 to 4 kilos) to bring the body weight to its previous 
level. Further water ingestion induced immediate diuresis. If during 
dehydration salt or urea was taken, diuresis resulted, but in a manner 
more economical of water than when the body had its full quota of 
water. Not only was the urinary concentration of the diuretic substance 
raised, but its elimination was spread over a longer period, indicating 
that water was less readily and less quickly mobilized. 

The detection and measurement of the state of the body’s water 
content may be fairly exact. The sensation of thirst is very sensitive 
to sudden changes in the water percentage in the body, but may become 
inured to prolonged dehydration. Blood concentration and dilution 
are measurable, and indicate that variations in water content are dis- 
tributed throughout the body, but unequally. Thus, a dehydration of- 
5 p.c. of the weight increased the blood’s haemoglobin concentration 
10 p.c. A third measure of tissue hydration is kidney activity. Under 
uniform conditions the output of urine is exceedingly constant, and in 
the subject of these experiments is about 45 c.c. an hour when sitting 
at rest. In extreme dehydration on full diet the urine rate may drop as 
low as 17 c.c. an hour. 

The most delicate index of the water reserve is the experimental 
production of diuresis by salts, or urea. The diuresis lasts longer in de- 
hydration, ends very gradually, and eliminates only about two-thirds 
as much of the diuretic substance in 12 hours as when the organism has 
plenty of water. The highest rate of water excretion when dehydrated 
is much less, and is attained more quickly. The maximal concentration 
of the diuretic substance is greater, and is attained more slowly. In 
the case of chloride diuresis there is no compensatory retention of water 
subsequent to the completion of diuresis, as there is when the body is 
hydrated. At no stage of dehydration does diuresis fail to be produced 
by salts or urea. 
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A simple apparatus to demonstrate activity of cilia. By 0. 
Inchley. 


A glass tube 10 cm. long and about 5 to 8 mm. in diameter, is tapered 
down and sealed at one end, the other tapered end being left open and 


large enough to admit a vertically held hatpin 
which supports it (see Fig.). A strip of frog’s 
ciliated membrane is looped round this, the 
ciliated surface being in contact with it: the 
glass spindle will be slowly rotated by the activity 
of the cilia. Near its uppeT end the spindle carries 
a disc of cork, about 3 cm. in diameter and gradu- 
ated at the circumference to render the rotation 
obvious to the class. 

The loop of membrane is held together at its 
extremities upon a suitably bent pin, heavily 
weighted, and supported by a thread. The tension 
oil the membrane is easily regulated by altering 
the inclination of this thread, by moving outwards 
its fixed support above. 

A drip feed of frog’s oxygenated litnger is 
arranged to play upon the glass spindle. 

For uniform motion the glass and cork must 
be well balanced on the needle; this can be at- 



tained by holding the needle inclined at ‘15° and rubbing off the heavier 
side of the cork until the spindle will stop dead in any position in- 
differently. ^ 

Any slowing of the movement during the fii i -” 'st Ccr- >T 

tainly due to ropes of mucus tying the spindle; ' b>- 

a camel-hair brush applied . to J'otli •" 1 , , 
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through which the plasma can pass out. In order to test this conception 
and obtain some idea about the size of the openings we have made the 
following experiments. 

In urethanised frogs ( R . esculenta) the ventral surface of the tongue 
was spread and a suspension of india ink particles (Pelikan Perl Tusch, 
Gunther- Wagner) run into the cutaneous vein. When the india ink 
became visible in the vessels of the tongue a group of capillaries were 
caused to dilate by means of a drop of 25 p.c. urethane. Though stasis 
developed rapidly the india ink remained within the vessels except in 
one experiment at a single point. 

The experiment was repeated with a solution of the colloidal dye 
vital red and with soluble starch. Both these substances penetrate 
easily through the wall of rapidly dilated capillaries though they are 
quantitatively retained in normal vessels. The experiment with vital 
red is very beautiful. Just after the dilatation of a capillary a narrow 
red zone is seen to surround it which later, when stasis has developed, 
fades slowly by diffusion into the surrounding tissue. 

The experiments will be continued, if possible, with metal sols con- 
taining particles of well defined size. 
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series of measurements as follows: To defibrinated sheep’s blood was 
idded an equal quantity of water so as to lalce the corpuscles. A few c.c. 
af this were placed into a tonometer containing a suitable mixture of 
coal gas and air, so that when equilibrium was finally established the 
hlood should be partially saturated with CO gas. After roughly half an 
hour’s rotation the blood was withdrawn from the tonometer; some of it 
was then placed into two small test-tubes. 

These test-tubes were fitted with rubber corks through each of which 
passed two glass tubes, one nearly reaching the bottom, the other just 
entering. These were now connected with the tonometer so that the gas 
displaced by admitting water should pass over the surfaces of the samples 
of blood in the test-tubes. The test-tubes were now mounted on a shaking 
machine so that one was surrounded by cold water, the other by hot, 
gas from the tonometer being arranged to pass at will through the tubes 
which were being shaken. After half an hour the Bamples were caused to 
reach room temperature and were then diluted with water and examined 
with the reversion spectroscope. 

The following values were obtained : 


Hot 

Cold 


(about 40° C.) 

(about 8° C.) 

Difference 

20 8 

1C*2 

+ 100 

411 

27*2 

+ 139 

43 0 

32*5 

+ 10 5 

42*25 

38 05 

+ 4*2 

46*1 

41*45 

+ 4 05 

59*1 

5G0 

+ 26 

01*5 

59 5 

+ 20 

62*2 

62*2 

± o 

01*85 

65*8 

- 3 05 

02*5 

00 

- 35 

63*45 

00 05 

- 1*0 

C7-3 

09*15 

- 1*85 

07*4 

69*15 

- 1*70 

70 95 

73 4 

- 2 55 

79 05 

80 G 

- *03 

80 0 

82 0 

- 2 90 


The above figures agree with those previously obtained in showing 
that at low saturation the values rise with rise of temperature, at mcllium 
saturation they remain approximately constant, whereas at high concen- 
tration they fall slightly with rise of temperature. 

The above conclusion is not in prcciso ngreemcnt with those of cither 
Haldane and Lorraine Smith or Douglas and Haldane, The 
former experimenters found little or no change, the latter a fnll of 
saturation with rise of temperature. 

Since writing the above I hnve measured the positions of tho bands of 
oxy-hmmoglobin at tho temperature of liquid > jf - uurpose of 
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The strip of membrane is obtained from the pithed frog by dissecting 
out the roof of the mouth, pharynx, and oesophagus, together with the 
tip of the nose and a piece of stomach to be impaled by the supporting 
pin. 

Another form of apparatus may be used with the membrane im- 
mersed in oxygenated Ringer: here the supporting pin is held vertically 
downwards, and the^glass tube and cork is floated up against it. In this 
case the balancing must be done by inclining the needle under water, 
the process being similar to that described above. 


Shift of the absorption spectra of oxy- and carbon-monoadde- 

bmmoglobin with change of temperature. By H.' Hartiudge. 

Recent experiments with my reversion spectroscope have shown that 
the absorption spectra of both oxy- and carbon-monoxide-haemoglobiD 
shift towards the red with rise of temperature. The movement per degree 
is about *28 Angstrom unit for the a bands of both compounds. I have 
described a similar shift with rise of temperature of the bands of mixtures 
of oxy- and carbon-monoxide-hmmoglobin in equilibrium with suitable 
gas mixtures and I erroneously ascribed this to a change in the position 
of equilibrium due to change in temperature. It is now clear,' however, 
that since the a bands of both oxy- and carbon-monoxide-htemoglobin 
move towards the red with rise of temperature the bands of mixtures of 
these must similarly move and this is therefore the explanation of the 
shift in the bands that I had observed. If the percentage saturations 
of the six samples of dilute blood, in equilibrium with the gas mixtures, 
be corrected for this shift of the bands with rise of temperature the 
following values are obtained: 


Percentage saturation with CO 
. 


Temp. 

Sample(l) Sample (2) 

— — “ *\ 

Sample (3) Sample (4) Sample (5) Sample (6) 

0 

18'5 

26 

44-5 

59 

66 

69-5 

10 

24 

32-5 

45-5 

61-5 

66-6 

70-5 

20 

26 

35 

48 

59 

68-8 

72 

30 

29 

39 

47-5 

59-5 

09 

72 

40 

32 

39 

47 

56 

66-9 

72 

50 

— 

42-6 

48-5 

57-5 

04-5 

71-2 

60 

— 

— 

49-5 

58 

63-0 

71 


It will be seen from the above values that the percentage saturation 
of blood with CO gas rises with rise of temperature at low concentrations, 
does not appreciably change at medium concentrations, and falls slightly 
at high concentrations. These changes have been verified by a direct 
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The action of anesthetics on the respiratory centre. By J. W. 

Trevan and E. Boock. 

Cushny (Joum. PJiarm . and Exp. T7ier. vi. 1914, p. 451) showed that 
C0 2 did not produce hyperpnoea in very deeply anaesthetised animals. We 
have investigated the action of C0 2 by a different method. Cats were 
used. Respiration was recorded by allowing the animals to breathe 
through a tracheal canula into a closed bottle connected with a bellows 
recorder. C0 2 was absorbed by soda in the bottle, and 0 2 was added at 
a rate sufficient to compensate for the oxygen consumption of the animal. 
The glass tracheal canula had a branch in which a rubber stopper was 
fixed. Through the stopper a fine tube passed down to the bifurcation of 
the trachea. By means of this tube samples of alveolar air were obtained. 
The plasma bicarbonate was determined, by v. Slyke’s method, in the 
blood as drawn from an artery. Variations in the alveolar C0 2 were 
brought about by varying the dead space of the apparatus, by connecting 
the tracheal canula with the bottle by tubes of wide bote and varying 
length. The reaction of the blood was estimated by a modification of 
Hnsselbalch’s formula applied to the plasma. The figures given correspond 
to the figures usually accepted as correct on the basis of //-electrode 
measurements. Lovatt Evans’ results 1 suggest that they may have to 
be multiplied by 063. But this uncertainty as to the absolute value of 
the //-ion concentration does not affect the conclusions drawn, since 
all the values are affected proportionately. 

The ventilation at different alveolar C0 2 tensions was measured by 
the rate and extent of the movements of the bellows recorder, first in 
Sherrington decerebrate cats which bad recovered from the anaesthetic, 
then in both decerebrate and whole cats subjected to the action of large 
doses of urethane (up to G grams per kilo.). In decerebrated cats the 
onset of anaesthesia after the injection of urethane was shown by the 
disappearance of decerebrate rigidity, the reflexes persisting. At this 
stage there was no alteration in the response to C0 2 , so that the assump- 
tion was made that the condition of the respiratory centre in whole cats, 
in whom the same anaesthesia had not led to disappearance of the corneal 
reflex, could be taken as normal. The subsequent course of the effect on 
the respiratory centre in both decerebrate and normal cats was the same, 
and is detailed below. 

The ventilation at different alveolar C0 2 tensions was plotted against 
the calculated //-ion concentration. The points lie along a straight line 


* Proc. Phy?. Soc. Dec. 19. 1920. 
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this experiment a film of haemoglobin in gelatin was used, since an 
aqueous solution when frozen was found to be too opaque for spectro-- 
scopic examination. The bands at this temperature look much sharper 
to the eye than those at laboratory temperature, and are shifted towards 
the violet approximately 41 A.u.. i.e. a shift per degree of -205 a.u. 

AVith regard to the cause of this band shift it cannot be due to 
change in the refractive index of the solvent (in the above case water 
R.i. = 1-333) with change of temperature, because a solution of haemo- 
globin in glycerine (r.i. = 1-47) has absorption bands that are almost 
exactly in the same positions as those of the aqueous solution, it would 
seem that some intra-molecular change is responsible for the band shift. 


The influence of ventilation on massive infection. By S. B. 

Douglas and Leonard Hill. 

In a room measuring 20 x 16 x 13| ft. with two steam radiators 
turned on and windows and door closed the dry bulb temperature was 
21-4° C. and the wet bulb 15-5° C., the dry kata-thermometer cooling 
power 4-3. The room felt over- warm and stuffy. This room was sprayed 
with 7-5 c.c. of a dilute culture of a eoliform bacillus (from the rabbit), 
the spray being blown into the. current from a blower which dispersed 
it towards the ceiling. The dilute culture fluid contained 300-500 million 
bacilli per c.c. 

Petri dishes, containing Holt, Harris and Teague’s medium, were 
exposed for 2 minutes at five places at table height, immediately after 
the spraying, and at 5, 10, 16 and 20 minutes afterwards. 

The experiment was repeated with the windows so far opened as to 
give a fresh and comfortable feeling to the atmosphere. 

The dry bulb was in this case 17-2° C., the wet bulb 12-8° C., the dry 
kata-thermometer cooling power 6-0. The Petri plates after incubation 
gave the following average counts: 



Stuffy room 

Well ventilated room 


Average no. 

Total area 

Average no. Total area 

Exposure 

of colonies 

of plates 

of colonies of plates 

I 

1468 

266 sq. cm. 

1593 250 sq. cm. 

2 

634 

263 

446 250 

3 

272 

272 

54 260 

4 

118 

263 

7 314 

5 

76 

272 

1 250 


This experiment, confirmed by others, shows that ventilation by open 
windows has a most marked effect in lessening massive infection, e.g. from 
saliva spray coughed, sneezed or spoken into a room. 
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A respiratory waistcoat. By B A McSwinex 

This waistcoat was devised for measuring the expansion of the different 
regions of the chest wall The w aistcoat is made m tw o pieces, front and 
bach, and is fastened together by tapes or straps at the shoulders and 
sides A number of small balloons have been placed m the w aistcoat so 
that they lie over the different areas of the chest w all 

To measure the expansion of any area of the chest wall, the balloons 
on the right and left side are connected by two pieces of rubber tubing, 
to a bellows and an oil manometer The balloons are blown up, the oil 
in the tube of the manometer being always raised to the same height 
The sanations in the height of the oil in the manometer registers the 
expansion of that area To compare the expansion of one side of the chest 
wall with the other, one of the rubber tubes is clipped Records of the 
movements ate obtained by connecting the manometer with a tambour 
and lever, writing on smoked paper, or by connecting the manometer 
with an optical tambour 


Measurement of the capillary (arteriole) pressure in man. By 

Leonard Hill and James McQueen 

The method of v. Knes, variously modified as it has been, gives the 
pressure required to blanch an area of the skin The resistance of the skin 
to deformation introduces an unknowm error Moreover, as the pressure 
which blanches the skin stops the circulation it measures, not the capillar} 
pressure, but that of the artenoles which supply the compressed part 
To measure thfe resistance of the skin to deformation and so arrive at 
the true artenole pressure we proceed as follows A fine jet of water at 
body temperature is allowed to play on tho skin, e g behind the thumb 
nail, and the pressure found which just pales the skin as the jet is slowl} 
moved to and fro The hand of the subject is held at the le\cl of the 
heart while the jet plays upon it The pressure is measured by turning 
the jet so that it plaj s vertically up alongside a scale 

The hand is noxt raised to empty the \ cins, and the cuff of a splij gmo- 
manometer, previously placed on the upper arm, is then connected with 
a cylinder of compressed air so that the brachial arterj is rapidly 
occluded There is no pressure now m the capillaries This is shown by 
the fact that any large area on the hand from w hich the blood is expressed 
does not refill The jet of water is again found which just expresses the 
blood from behind the finger nail, and the height of this jet measured 



cxxxii PROCEEDINGS OF THE PHYSIOLOGICAL 


intersecting the base line between 0-24 and 0-29 x A 10~ 3 * * * 7 in different cats. 
This point represents the apnoeic threshold, as can be shown in decere- 
brate animals by determining the reaction of the blood at a forced ven- 
tilation which is just sufficient to produce apncea. There are three stages 
in the effect of urethane on the response to reaction changes. 

1. As the reflexes disappear, the slope of the graph connecting the 
ventilation with the reaction of the blood is diminished, that is the 
sensitivity of the centre is diminished ; the apnoeic threshold is unchanged. 

2. Later the slope of the graph diminishes further, but it intersects 
the base line on the alkaline side of the original apnoeic threshold. 



Decerebrate cat anteethotised by tho injection of urethane subcutaneously Gvo hours 
after decorobration ,(Sherrington’s method). Ventilation plotted against reaction 
of plasma. Observations numbered in tho order in which they were mado. The 
straight linos represent tho sensitivity of the centre at successive intervals of 
about 35 minutes each. 

3. The ventilation plotted against the reaction finally becomes a 

straight line parallel to the abscissa. That is, the centre is no longer 

stimulated by increase in the reaction of the blood -and the stimulus 

maintaining respiration in this condition is some other than II -ion or 
HC0 3 or C0 2 . The nature of this stimulus we are endeavouring to dis- 
cover. The apparent shift of the apnoeic threshold in 2 above is, we think, 
due to the appearance of this stimulus before the sensitivity of the centre 
to /i-ion is reduced to zero. 

Ether gives similar changes to the above but the accurate measure- 
ment of the reaction is impossible because of the unknown errors intro- 
duced into the gas analyses by ether vapour. 
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neglected the discomfort after a time diminishes and may almost dis- 
appear, This is due to a new postural length of the visceral muscle having 
been adopted and the organ accepts an additional quantity of urine 
without undue tension on its walls. (3) More usually however the sensa- 
tion of discomfort gradually becomes more acute as distension of the 
bladder increases. The patient is doubled up with pain which he refers 
to the pubic and inguinal regions. The pain is of the particularly dis- 
agreeable kind that is associated with abnormal tension of the walls of 
hollow viscera. It may be accompanied by rigidity of the abdominal 
muscles and tenderness of the skin and deep tissues in the neighbourhood 
of the pubis and groins. (4) When severe cystitis is a complication 
attacks of pain of the same nature are apt to occur although there may 
be no overdistension of the bladder. -In such cases the pain is probably 
evoked in an intense form by periodic spasms of the vesical muscle 
brought on by the inflammatory process for it is relieved by drawing off 
the contained urine. 

These sensations of fullness, discomfort and pain must be excited by 
impulses which travel in the inferior hypogastric nerves. They still 
occur when all the posterior spinal roots below the third (possibly the 
second) lumbar are destroyed. On the other hand vesical sensibility is 
entirely abolished by a severe lesion of the spinal cord at the level of 
the eleventh thoracic segment. Hence, the main central connections of 
the afferent fibres of the inferior hypogastric nerves lie between the 
eleventh thoracic and the third lumbar segments of the spinal cord. 


Class exercises on blood reaction. By C. Lovatt Evans. 

The following instructive experiments can he easily carried out by 
Senior students, or shown as demonstrations. The reactions of the blood 
and bicarbonate solutions are determined by the colorimetric method 
described by Dale and Evans(i). 

1. Reaction of aqueous carbon dioxide (without buffers). 

Distilled water free from carbon dioxide has a j )< II in the neighbour- 
hood of 7*0. Air-saturated water (which contains about 0*3 c.c. C0 2 
per litre) has a about 5*5; water saturated with alveolar air, and 
containing about 45 c.c. C0 2 per litre, a p.H of about 4 (acid to methyl 
red). 
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This reading is deducted from the first reading and the difference gives 
the true arteriole pressure. In order to keep enough blood in the capil- 
laries it is advisable to put a band round the wrist, and remove this just 
before making the second rea din g, 

Example. The height of the jet in the first case was 34 cm. H 2 0, 
in the second case 22 cm. H 2 0— difference 12 cm. H 2 0. 

The true arteriole pressure comes out at about 10 m'm. Hg. 

Basler 1 made a small cut in the skin and connected the bleeding 
part with a manometric arrangement. He thus found a pressure of 
7-9 mm. Hg, a good agreement. 


Conduction of sensory impulses from the bladder by the inferior 
hypogastrics and the central afferent connections of these 
nerves. By George Riddoch, JI.D., M.R.C.P. 

The accidents of the recent war have afforded further evidence to 
show that the inferior hypogastric splanchnic nerves conduct sensory 
impulses from the bladder to the spinal cord. In this preliminary note 
the evidence is briefly summarised. 

Bilateral complete lesions of the cauda equina involving the last four 
sacral posterior roots abolish conduction of afferent impulses by way of 
the pelvic nerves from the bladder and the pudic nerves from the penis. 
The following facts however show that in such cases vesical sensibility 
is not gravely disturbed. (1) The penis is entirely anesthetic and the 
passage of a catheter along the urethra fails to evoke a response. But 
as soon as the bladder is penetrated and the point of the instrument 
touches its wall in the region of the trigone the patient recognises that 
something has happened and refers the sensation to a point deep in the 
pelvis. (2) He is at once aware that his bladder is full and has a desire 
to micturate. If involuntary micturition has become established, the 
contents of the bladder will now be evacuated and the mild discomfort 
will disappear. If, however, retention is still present, as it is for at least 
the first few months after the injury, and the urine is not withdrawn 
artificially the discomfort increases in intensifc}- and is now largely re- 
ferred to the lower abdominal wall over the pubis. There can be no 
question at this stage of stimulation of the somatic sensory nerves by 
stretching the abdominal wall for the bladder may only reach a little 
abov« the brim of the pelvis. Sometimes if the call to urinate is still 

1 Cited by Tigerstedt, Ergebnisse der Physiologic, p. 13. 1920. 
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5., Effect of temperature. 

(Blood at a given C0 2 tension is more alkaline at a higher than at 
a lower temperature.) Determine the _p.H of blood saturated with 
alveolar air at room temperature and at 37°. 

(1) Dale and Evans. Joum. Physiol. 54. 107. 1020. 

(2) BayliBS. Joum. Physiol. 53. ICO. 1019. 


Cooling and warming of the body by local application of cold 

and heat. By Leonard Hill. 

On sitting in a hot room at constant temperature of 38° C. sweating 
breaks out after a time and the droplets of sweat- can be seen glistening 
on the forehead. On putting the hands under the tap, and letting a 
stream of cold water play over them, the sweating ceases after a minute 
or two, and the droplets dry up and disappear. That this is not a reflex 
nervous effect but one due to cooling of the blood was shown by putting 
the cuff of a sphygmomanometer on each arm, and raising the pressure 
in each to such a height as -to stop the circulation before the hands were 
put under the tap. The cold water in this case felt just as cold, but the 
sweating did not stop until the pressure in the cuffs was released, and the 
circulation allowed to take place. The cold water did not sensibly 
diminish the rectal temperature by the time the sweating stopped. 

The cooling of the hands by the water takes the place of the cooling 
due to sweating and makes this unnecessary. To determine the amount of 
this cooling four polished tinned cans were used of similar shape and size 
in each of which 5 litres of water was placed. The cans were placed in the 
cold room until the water in all was equally chilled; they were then taken 
to the hot room where the subject was sitting. Two cans were used as 
controls; into the others the subject put his hands, sinking these in the 
cold water as far as the wrist joints. 

Tho water of each can was kept stirred and its temperature taken 
every minute: the rise of temperature recorded in one experiment is 
shown in the graph. While that in the controls is uniform throughout, 
that in the cans containing the hands, at first more rapid becomes uniform 
after the fifth minute. The uniform rate of heat loss from the hands is 
shown in the first four observations given in the tabic. 
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2 . Reaction of bicarbonate-CO 2 solutions. 

(i) (Doubling the NaHC0 3 concentration results in halving of the 
Cn, i.e. in a rise of 0-3 inp.H.) Prepare solutions of -01, -02, and -04 M. 

■ NaHC0 3 and saturate 5 c.c. of each solution with alveolar air in a 
separating funnel at room temperature. Dialysis is unnecessary, the 
mixture being transferred directly to a comparator vessel and covered 
with paraffin. 

(ii) (Proportionate increase or diminution in the. concentration of 
both C0 2 and NaHC0 3 leaves the p . H unchanged), e.g. 

•01 ilf.NaHCOg + 3 % C0 2 '| 

•02 If. NallCOg + 6 % C0 2 j- have the same p . IT. 

•04 M. NaHCOg + 12 % C0 2 J 

For this demonstration, the required mixtures of C0 2 and air can be 
made up in aflask as recommended by Bayliss(2). As smalla volume of 
the solution and as large a volume of gas as possible should be used, in 
order to ensure that the final concentrations of C0 2 do not materially 
differ from those originally made up. Analysis of the gas after attainment 
of equilibrium is, if practicable, to be preferred. 

3. Reaction of blood at alveolar C0 2 tensio?is. 

Four or five q,c. of fresh oxalated blood (human preferred) is placed in 
a separating funnel filled with alveolar air and kept at 37° by immersion 
in a water bath, while the funnel is rotated horizontally for 5 minutes. 
Transfer direct to a dialyser and carry out dialysis and titration as 
described by Dale and Evans. If a series of observations at different 
C0 2 tensions be carried out, e.g. by different members of the class on the 
same blood, a C0 2 reaction curve can be constructed. Phenol red is to 
be preferred to neutral red for blood dialysates having a p.H above 7*8. 

4. Relation of blood reaction to alkali reserve of plasma. 

(The reaction of blood is chiefly determined by the bicarbonate 
content and C0 2 tension of its plasma.) Divide 15 c.c. of oxalated blood 
into three equal parts. To the first add 1 c.c. of "85 p.c. saltvsolution, to 
the second 1 c.c. of *2 M. NaHC0 3 and to the third 1 c.c. of *05 N . HC1. 
Each sample is then saturated with alveolar air (at room temperature) 
and the p. H determined after dialysis as before. The second and third 
blood samples will illustrate the effect of increased and diminished alkali 
reserve respectively. 
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Heat paralysis in plain muscle. By C. Lovatt Kvass. 

When the oxygenated Ringer’s solution, in which an isolated guinea- 
pig’s uterus is suspended, is gradually heated, the small spontaneous 
contractions of the plain muscle disappear suddenly at about 40-, r >0° C. 
The tissue now fails to respond to even large doses of histamine, and 
might be supposed td be dead. But if re-cooled to body-temperature it 
will be found to have regained its excitability, though the contractions 
are slower and often smaller than before (Fig. 1). The condition at 19° 
thus closely resembles that of heat paralysis studied in the central nervous 
system, and in primitive animals d). 
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Contractions of guinca*pig uterus in oxygenated » ilino. Frontal writing. inmul#**». 

At A, 0-05 mg. Iiistaraino: temp =37°. At ft, 0 05 mg. histatnino: temp 4ft”. At C, 
01 mg. histamine: t^mp.^50®. At D, 0 05 mg. histamine: temp. =*37". (A uU-nii 
made inert by CO, and lactic acid showed a similar paralysis and recover}.) 


If heated for Bcveral minutes at 50° the plain muscle is hilled: its 
death occurs while it is still fully relaxed, anti is hence not comparable 
with the heat-rigor in skeletal muscle. On further heating a heat-coagula- 
tion, having no relation to the death ‘■changes, sets in at about 05 . The 
lactic acid content of the ’beat- rigor muscle is greater than that of the 
resting muscle, but both are small. 

Determinations (by the *• * 
tion of uteri at different < 
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Subject 

Temperatiiro 

Initial temperature 

Total boat loss Total heat gain 
of hands in of hands in 

kilo-calories kilo-calories 

of room 

of water 

per min. 

per min. 

M.B. 

39° C. 

4 °C. 

1-2 


C.P. 

39 

10-4 

0-0 


M.B. 

17 

8-3 

0-40 


C.P. 

17 

0-8 

0-04 


M.B. 

17 

42-5 


0'4 

C.P. 

17 

30-0 

— 

0-10 


Two of these were carried out in the hot room and two at ordinary room 
temperature. The last two observations in' the table show the gain of 
heat occasioned by placing the hands in hot water. The experiments 
show how effectively the heating or cooling of a small portion of the body 
can heat or cool the whole. In experiment 1 the rate of loss of heat was 
no less than 72 kilo-calories per hour — the total heat production of a 
resting man. 



10 litres roso 0-0° C. in 10 minutes duo to tho immersion of tho Imnds. 

Heat loss =0-0 kilo-caloric por minute. 

I am indobted to Miss Hargood-Ash for assistance in carrying out this research and to 
Miss Brad and Mr Pcrgando who acted as subjects. 
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A differential balance for use with Martin’s bicycle ergometer. 

By E. H. J. Schuster, D.Sc. ( Medical Research Council), 

This instrument is designed for use with Martin’s bicycle ergometer 
on which work is done by overcoming the frictional resistance of a brake 
band applied to a flywheel mounted in place of the rear wheel of the 
bicycle. In the usual pattern of machine a cord is led from each end of 
the brake band by a suitable train of pulleys to a spring balance mounted 
in a convenient position, and the frictional resistance is indicated by the 
difference of the readings of the two balances. The differential balance 
takes the place of both spring balances and it contains in itself the con- 
trivance by which the desired resistance may be attained by adjusting 
the .tension on the cords. The principal advantage claimed for it is that 
it gives a direct measure of the difference in the pull of the two cords, and 
that in this way the frictional resistance may be more easily ascertained 
and adjusted. 

The instrument consists of a plate (A) sliding on a guide B which is 
attached by means of the lugs (JT) to a vertical post in front of the handle- 
har of the bicycle. The position of A on B may be adjusted by means of 
the screw (C) actuated by the knurled head (C'). If C' is turned in a 
clock-wise direction, A is raised and the tension of the cords consequently 
increased. 

The dial (Z)) is rigidly attached to tlie.plate A by means of four stout 
steel studs (not shown in the figures). From the centre of D a fifth steel 
stud, of small diameter, runs backwards at right-angles to A, and this 
forms the pivot of the balancing member. 

The balancing member consists of a sleeve ( J ) carrying in front a 
grooved pulley (F) (that part of F which lies behind the dial is indicated 
by broken lines in Fig. 1), and behind at right angles to its axis a spindle 
(ff). The lower part of G is threaded, and on to it a cylindrical bob (//) 
is screwed, which may be locked to it at any desired position by the back 
nut. (h). The balancing member is free to rotate as one piece about its 
pivot. - 

A continuous cord K passes round thegroove in the pulley and is 
keptfrom slipping by a little clamping screw borne by the angle-piece M . 
The two ends of the cord are attached to the two ends of the brake band, 

being led to them in the usual manner. .tram of,.' ^ 

The action of the flywheel *• . 
in use increases. 1 . 

decreases it on' ‘ 
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40-45°, i.e. a little below the temperature at which the heat paralysis 
is present: a further rise of -temperature irreversibly reduces the oxygen 
intake. 


Oxygen Usage of Guinea-pig Uterus. 


Temp. ° C. 

c.c. 0,/gm./hr. 

Temp. °C. 

c.c. Oj/gm./hr. 

14-0 

•073 

40 

•617 

25 

•236 

45 

•617 

30 

•35 

48 

•585 

35 

•483 

48 

•538 

37 

•545 

37 

•330 


If oxygen lack plays any part in causing the heat paralysis, it must 
be a purely relative lack, i.e. the oxygen requirement of the tissue (what- 
ever that term may mean) is greater than the supply of oxygen. 

In explanation of these results it seems reasonable to suppose that 
metabolites are produced in the resting tissue at a rate which is acceler- 
ated by rise of temperature. These are removed partly by diffusion and 
partly by oxidation. When accumulation occurs, the tissue is inexcitable, 
and further accumulation kills the tissue. 

I have previously shown (2) that plain muscle contracts perfectly well 
at ordinary temperatures in absence of oxygen, but that this anaerobic 
contraction cannot be sustained. Significantly enough, lactic acid and 
carbon dioxide can cause a similar relaxation of the guinea-pig uterus, 
which is then less responsive or quite inert to histamine. 

If the above hypothesis is the correct one, heat paralysis should occur 
at a lower temperature in the absence of oxygen ; this was found to he 
the case, paralysis coming on at about 47-48° when nitrogen was bubbled 
into the bath instead of oxygen: subsequent recovery was, however, 
incomplete. 

These experiments appear to be in complete agreement with those 
of Winterstein(3), who also advances similar explanations. 


REFERENCES. 

(1) Winterstein. Zlschr. f. ally. Physiol. 1. 129. 1902. 

(2) Evans. Jonm Physiol. 53. 17. 1919. 

(3) Winterstein. Ztschr. f. allg. Physiol. 5. 323. 1905. 
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Anaphylaxis and immunity “in vitro.” By H. H. Dale and C. H. 

Kellaway. 

According to the view which has been advocated by the late R. Weil 
and by one of us. the difference between anaphylaxis and true immunity 
depends on the distribution of an antibody, probably a precipitin, 
between the cells and the body fluids. In anaphylaxis the antibody is 
•supposed to be predominantly located in the cells, where its union with 
the antigen, when this is injected, causes the anaphylactic “shock”; in 
immunity it is supposed that a predominance of antibody in the circula- 
tion fixes the antigen before it can reach the cells. According to the 
alternative view, the anaphylactic shock is due to the liberation of a 
poison in the blood, brought about by the interaction there of antibody 
and antigen. W eil showed that introduction of excess of antibody, into 
the circulation of an anaphylactic animal, prevented the appearance of 
shock when the antigen was injected immediately afterwards. This 
phenomenon, which seems to be decisive in favour of the dependence of 
anaphylaxis on cellular predominance of antibody, can be demonstrated 
in vitro. « 

A guinea-pig is rendered highly sensitive to crystalline egg-albumin 
by injecting a small dose {e.g. 0-5 c.c.) of serum from a rabbit immunised 
against that protein, and leaving a few days for the disappearance of the 
antibody from the circulation and its fixation by the body cells. The 
guinea-pig is then killed and the uterus perfused free from blood with 
warm Ringer’s solution. One horn of the uterus, suspended as usual in 
oxygenated Ringer’s solution, responds to egg-albumin in a very low con- 
centration (1 in 1 to 10 millions). Thereafter it is completely insensitive 
to a renewal of such concentrations of the antigen. The other horn is 
then suspended in the Ringer^s solution, to which is added about 1 part 
in 40 of the same rabbit’s antiserum, as was used to produce the "passive 
anaphylaxis. In this solution the horn of the uterus responds not at nil, 
or very weakly, to the doses of egg-albumin which caused prompt and 
large contraction of the first horn. It neither reacts, nor is it desensitized ; 
for when the scrum dilution is replaced by pure Ringer’s solution, and the 
second horn again tested with egg-albumin, it responds at least as well 
as the first. Antibody in the plain muscle cells renders them acutely 
sensitive to the corresponding antigen; excess of antibody in the fluid 
bathing them protects them from the antigen, though they are still 
sensitive. ^The conditions correspond to anaphylaxis and immunity 
respectively. 
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bob ( H ) to swing out until it reaches a position in which it balances the 
difference of tension of the two ends of the cord. This position can then 
be read on the scale engraved at the circumference of the dial by means 
of the pointer (L), which is attached to F and is bent in such a way as to 
pass through the slot (E) in the dial. 



The successive graduations on the scale from 0-4 in either direction 
represent angles whose sines increase by equal increments, i.e. the sine 
of the angle 0-1 is -} of the sine of the angle 0-2 and of the sine of the 
angle 0-3, etc. What unit of weight is represented by each division 
depends on the weight of the bob H and its distance from the centre of 
rotation relative to the effective diameter of the pulley F. In the instru- 
ment exhibited the reading is in kilograms. The bob H weighs approxi- 
mately 1 kilo. It need not be made to an exact weight as the correct 
reading of the instrument may be secured by screwing the bob up or 
down on the spindle G. 
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The pressure in the small arteries, veins and capillaries of the 

bat’s wing. By Leonard Hill. 

An area of the second segment of the hat’s wing was placed on the 
apparatus of Roy and Graham Brown, so that a main arterial branch 
and the arterioles coming off from it at right angles, together with the 
vein, venules and capillaries, could be compressed and microscopically 
observed. 

The main arterial branch measured about -08 mm. in diameter and 
the arterioles about *015 mm. The bats were at first hybernating and cold, 
but owing to handling became roused up and warm-blooded; they were 
put under urethane anaesthesia. The pressure required to stop the flow 
in the main arterial branch rose from about 20 mm. Hg when the bat was 
cold to 50 mm. Hg when the bat was warm. Wien the systolic pressure 
in the main arterial branch was about 50 mm. Hg that in the arterioles 
was about 15 to 20 mm. Hg. A momentary application of pressure of 
less than 1 cm. II 2 0 momentarily checked the venous flow. 

A momentary compression of 1 to 2 cm. ELO momentarily checked the 
flow in the capillaries. A compression of 2-3 mm. Hg sufficed to slow 
the flow in the capillaries where the velocity of flow was least. There is 
then a great drop of pressure on passing from the main arterial branch 
to the arteriole, and while the capillary pressure is very low, that in the 
vein is only just positive. 

A slow, rhythmic pulsation, as is well known, helps to maintain the 
flow in the veins of the bat’s wing. This is little evident in the hot- 
blooded state when the velocity of flow in the arteries and veins is vei) 
fast. 

Owing to the rapid beat of the heart 110 pulsation is seen on con 
pression; the flow' remains continuous until it stops. 



